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 The relationship between insect development and temperature has been well 
established and has a wide range of uses, including using blow flies for postmortem 
(PMI) interval estimations in death investigations. To use insects in estimating PMI, we 
must be able to determine the insect age at the time of discovery and backtrack to time of 
oviposition. Unfortunately, existing development models of forensically important insects 
are only linear approximations and do not take into account the curvilinear properties 
experienced at extreme temperatures. A series of experiments were conducted with two 
species of forensically important blow flies (Lucilia sericata and Phormia regina) that 
met the requirements needed to create statistically valid development models.  
 For each species, experiments were conducted over 11 temperatures (7.5 to 32.5 ° 
C, at 2.5° C) with a 16:8 L:D cycle. Experimental units contained 20 eggs, 10 g beef 
liver, and 2.5 cm of pine shavings (L. sericata) or damp sand (P. regina). Each life stage 
(egg to adult)  had five sampling times: at the beginning, one-quarter mark, one-half 
mark, three-quarter mark, and the end. Each time was replicated four times, for a total of 
20 measurements per life stage. For each sampling time, the cups were pulled from the 
chambers and the stage of each maggot was documented morphologically through 
posterior spiracle slits and cephalopharyngeal skeletal development. 
 Data from both species were normally distributed with the later larval stages (L3f, 
L3m) having the most variation within and transitioning between stages. The biological 
 
 
  
minimum for both species was between 7.5° C and 10° C, with little egg development 
and no egg emergence at 7.5° C for either species. Temperature-induced mortality was 
highest from 10.0 to 17.5° C and 32.5° C for both species.  
The development data generated for both species illustrate the advantages of 
curvilinear models in describing development at environmental temperatures near the 
biological minima and maxima and the practical significance of curvilinear models over 
linear approximations. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
 
Introduction 
 
Information on insect development has a wide range of uses, including 
agricultural and livestock application, disease vectors, medical interventions, and 
medicolegal interpretations. The relationship between temperature and its impact on 
insect development has been well-studied, yet the poor accuracy and low precision of 
available development models make it increasingly difficult to apply to areas where 
accuracy levels of days/weeks are inappropriate or unhelpful, such as forensic contexts.   
 The most common method of determining insect age is the use of thermal 
summation models, or degree days (Richards and Villet 2008). Degree days are a 
measure of physiological growth through the interaction of time and temperature. The 
models tend to be the most accurate over linear approximations, and the most inaccurate 
over the curvilinear portions of the developmental curve, when insects are experiencing 
higher variation due to temperature extremes (Higley and Haskell 2010). While 
curvilinear models would be the most comprehensive method of determining insect age at 
a given temperature, the data sets available for many insects do not meet validity 
requirements. 
 An area of growing interest where insect development forms the basis for all 
calculations is the use of insects in estimating the postmortem interval, or time since 
death (the period between death and discovery). Most developmental data sets focus on 
blow flies (Diptera: Calliphoridae) because of their ability to quickly locate and colonize 
carcasses (Greenberg 1991). Unfortunately, many of these data sets also fall into a 
category characterized by methodological pitfalls. Thus, experimentally, it is important to 
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generate statistically valid data, from multiple blow fly species, that cover a wide 
temperature range with the potential for the development of curvilinear models and 
increased accumulated degree day (ADD) accuracy.  
 
Literature Review 
Insects and Development 
The relationship between insect development and temperature has been well 
established (e.g. Arnold 1959, Wagner 1984ab, Higley and Peterson 1994). Insects are 
poikilothermic, or dependent on outside sources for body temperature maintenance. At a 
biochemical level, the enzymes that control growth through up/down regulation of 
hormones and proteins are temperature-dependent. Higley and Peterson (1994) proposed 
a generalized temperature-development curve as shown in Figure 1. The development 
threshold, or base temperature, is the lowest temperature at which a species can develop. 
The maximum threshold is the highest temperature at which development rate is 
maximized. At temperature extremes, insect development rates decline and mortality 
increases. 
 
Figure 1. The relationship between temperature and development rate 
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Conducting research around these extreme temperatures is inherently difficult 
because of the high mortality rates associated with those areas of development (Wagner 
1984). Between the upper and lower curves, developmental rates are proportional to 
temperature, forming a linear relationship. It was not until Sharpe and DeMichele’s 
(1977) model that development could be described over an entire range of temperatures 
based on biophysical explanations, including the extremes (Wagner 1984). Unfortunately, 
Sharpe and DeMichele’s model looked exclusively at enzymatic roles in insect growth 
and did not take into account other factors that could affect insect development, such as 
membrane permeability (Higley and Haskell 2010). Also, many of the model 
assumptions have been experimentally demonstrated to be false (Higley and Haskell 
2010).  
The most common method to calculate development over a range of temperatures 
is a thermal summation (degree day) model (Richards and Villet 2008). A degree day is a 
measurement of physiological growth through the interaction of time and temperature. 
Calculating degree days are fairly straightforward. Because constant environmental 
temperatures are unlikely, an average temperature is taken for the day, minus the known 
developmental threshold. Each species has a required amount of degree days needed to 
reach certain developmental stages. These are the accumulated degree days (ADD), or all 
the degree days added up when the temperature is above the developmental threshold. 
Thus, the degree day and accumulated degree day equations are: 
DD = (average daily temperature – developmental threshold) * days 
ADD = DD1 + DD2 + DD3 . . . 
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Using the degree day model assumes that development is linear (Higley et al. 1986, 
Richards and Villet 2008), which holds for the middle portion of the development curve 
(see Fig. 1). Although the total development relationship is curvilinear, no current model 
allows accurate calculations over the complete range of developmental temperatures.  
 
Insect Development and Error 
 Insects, as poikiotherms, are dependent on their environment for many of the cues 
that instigate growth. Consequently, there are many potential sources of error when 
attempting to calculate insect development. Estimating the thermal environment is 
thought to be the primary cause of error in insect development calculations (Higley and 
Haskell 2010). Temperature has an overwhelming effect on the duration and efficiency of 
development, and the majority of errors are temperature issues. Studies are generally 
conducted under constant temperatures; however, insects outside of the laboratory rarely 
experience constant temperatures and instead are subject to temperature fluctuations. The 
implications of fluctuating temperature effects have been well studied, but are not well 
understood (Higley and Haskell 2010). The hypothesis is that fluctuating temperatures 
would delay development, but faster development has been observed. However, a more 
accurate assessment is that faster development may or may not be occurring, because of 
the mathematics of development calculations. Briefly, predictions of development when 
rates follow a concave pattern lead to underestimates of development. This phenomenon, 
purely mathematical, is called the rate summation effect, and to date no one has 
differentiated between the influence of the rate summation effect and biological factors 
with growth under fluctuating temperatures (Higley and Haskell 2010). Consequently, it 
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is difficult to generalize about the influence of fluctuating temperatures, and as a practical 
matter, people use data from constant temperature studies to model insect development in 
the field using temperatures from the shortest time intervals possible. Using short time 
intervals (minutes or hours) minimizes the influence of fluctuating temperatures. 
 Experimental issues also contribute to uncertainty in development estimates. For 
example, chamber-set temperatures are often not the temperatures that the insects are 
experiencing (Nabity et al. 2006), so there is error in the presumed temperature versus the 
actual temperature the insects are experiencing.  
 Because insect age is a dynamic process, many factors beyond temperature can 
influence the speed and efficiency of development, including humidity, nutrition,  
enzyme regulation, and photoperiod. Nabity et al. (2007), in examining sources of 
variation in degree-day calculations, reported that constant light regimes (24:0) can lead 
to extended development times in Phormia regina (Diptera: Calliphoridae). Other studies 
have reported slower growth rates during longer photoperiods (Pentatomidae) (Nakamura 
2003), higher cold tolerances under cyclic photoperiods (Lepidoptera) (Kim and Song 
2000), reduced relocation and larger pit construction under constant photoperiods 
(Myrmeleontidae) (Scharf et al. 2008), and increased variability during stage transitions 
under continuous light regimes (Drosophilidae) (Shopik and Pittendrigh 1967).  
While demonstrating the effect of light on numerous areas of development, these 
examples also reveal the interconnectedness of insect growth. Light-induced variability 
and high temperatures could lead to higher mortality due to enzyme regulation. Or, 
reduced relocation due to a constant photoperiod could cause drastically reduced 
nutritional intake because of lower prey numbers in that area. Development is a 
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complicated process that is controlled by numerous abiotic and biotic factors, thus, any 
development research needs to consider these factors to reduce overall error in 
calculations.  
 
Insects and Death 
The use of insect development in medicocriminal investigations has increased as 
it is the most accurate measurement of postmortem interval (PMI) (e.g Catts and Goff 
1992, Greenberg 1991). Insects are also used to corroborate testimony (Hall 2003), 
demonstrate victim drug use (Introna et al. 2001), and show possible wound locations 
(Greenberg 1991). The insects most commonly used for PMI estimations are the blow 
flies in the family Calliphoridae.     
Blow flies belong to a guild of necrophagous insects that require decomposing 
tissue to complete their life cycle. They are strong fliers and are capable of traveling up to 
20 km in day (Greenberg 1991). Adult flies will follow chemical odor plumes to 
decomposing remains. Sexually immature males and females will use the decomposing 
tissues as a protein meal for gonad and ovary development (Huntington and Higley 
2010). Sexually mature (gravid) females will use decomposing tissue as a place to 
oviposit, or lay eggs, whereas sexually mature males will use decomposing tissue as a 
mating opportunity.  As the eggs hatch, the larvae (maggots) will proceed through two 
molts and three (of the six) life stages, the last being divided behaviorally into 2 sub-
stages. They are appropriately named 1
st 
stage (L1), 2
nd 
 stage (L2), 3
rd
 feeding stage 
(L3f), and 3
rd
 migratory stage (L3m). The third stage is divided by feeding behavior. 
During L3f, maggots are actively feeding on the decomposing tissue. As size and 
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nutrition requirements are met, the maggots enter the L3m stage, where they stop feeding, 
empty their crops of any stored food, and migrate away from the remains to find a place 
to pupate. Once at a pupation site, the maggots’ body length will shorten and the outer 
skin will harden into a dark brown casing (puparium) that the adult blow fly will 
eventually emerge from by the use of a ptilinum, or a fluid-filled sack that pops the end 
of the pupal case open. This life cycle is an integral part of terrestrial ecosystem ecology. 
Blow flies’ ability to quickly locate and colonize carcasses allows nutrients like carbon 
and nitrogen to be released back into the environment, creating fertility islands that 
benefit soil, plant, and animal diversity.  
The life cycle is what makes blow flies so useful in death investigations. When 
found on a carcass, blow fly age/stage can be used as a means of estimating when the 
carcass was available for oviposition. This time period generally coincides very closely to 
the postmortem interval or time since death. Estimating the PMI is crucial in most human 
death investigations, because time since death is needed to properly reconstruct events 
before and after death. Consequently, understanding temperature-specific development 
rates is essential. Unfortunately, much of the development data currently used in PMI 
estimations are based on the models used for agricultural insects, models where accuracy 
levels of days or weeks are considered acceptable.  
 
Blow Fly Development Research 
 Unlike many other areas of biology that have adopted standards for experimental 
design and sampling protocols, there are very few (if any) standards that have been 
established for blow fly development studies (or any forensic entomology studies). Using 
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development data to estimate PMI is an inferential science, and as such, there are three 
experimental requirements that need to be met, adequate replication, independence of 
experimental units, and experimental conditions that capture a representative range of 
natural variability (Michaud et al. 2012).  
Unfortunately, many of the reported data sets do not meet these requirements. 
During a review of 63 published articles (covering a 25 year period) relating to insects 
and their use in PMI estimations, only 17% were found to have “adequate analysis and 
design, whereas 78% fell victim to simple or sacrificial pseudoreplication or had 
inadequate study designs” (Michaud et al. 2012) (Figure 2). Beyond the obvious issues 
these methods present for analysis and subsequent conclusions, it is increasingly difficult 
to adequately compare multiple studies and their results (Richards and Villet 2008, 
Michaud et al. 2012). 
 
Figure 2. A detailed analysis of the frequency of experimental issues, broken down into 5 
year periods (from Michaud et al. 2012). 
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One reason for the continuation of these issues may be inadequate knowledge in 
experimental design and data analysis. However, it has been addressed in multiple 
sources (e.g. Wells and LaMotte 1995, Richards and Villet 2008, Michaud et al 2012), 
not least of all by a report from the National Research Council (2009) that called for more 
stringent scientific standards in forensic science. A more likely (although no less 
excusable) reason may be the sheer amount of resources required for set up and execution 
of developmental studies. To conduct multiple temperature studies simultaneously 
requires a minimum of four chambers per temperature (to meet replication requirements), 
which translates to a minimum of 120 experimental units (30 units per chamber, at five 
sampling times per life stage). Preparatory work averages between 15 and 18 hours per 
temperature. These hours include cutting weighted liver, labeling and organizing 
experimental units, counting eggs, and putting all units together before they go in the 
chambers. After set up, the hours required for actual sampling can easily exceed 120 
hours (average hour per sampling time). There is also a considerable amount of time (not 
included in the hours above) required for colony maintenance. Multiple colonies are 
required for high egg production (2,400 eggs are needed for each temperature) and to 
prevent time loss due to colony collapse issues.  
 Regardless of the reasons, standard experimental protocols need to be outlined for 
development studies, specifically, and for necrophagous insect studies, generally. 
Standardization is a common (usually required) practice in most other biological sciences 
and can benefit forensic science through consistent comparisons, statistical validity, and 
reduction in experimental error.   
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Lucilia sericata and Phormia regina 
 Lucilia sericata and Phormia regina are two of the most ubiquitous blow fly 
species worldwide. Therefore, they can be the most commonly encountered blow flies at 
decomposing remains.    
Lucilia sericata (sheep blow fly) (Figure 3) are small (6-9 mm) and prefer sunny 
areas in the open. This species arrives to decomposing remains early and does not delay 
oviposition (Byrd and Castner 2010). Although highly studied, much of the research 
involving Lucilia sericata development started because of its role in sheep strike and 
maggot therapy. Development data sets are reported by Kamal (1958), Ash and 
Greenberg (1975), Greenberg (1991), Anderson (2000), and Grassberger and Reiter 
(2001). 
 
Figure 3. Lucilia sericata (from Greenberg 1971). 
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Phormia regina (black blow fly) (Figure 4) is known for its cooler temperature 
preference and Holarctic distribution (Hall 1948), although this species can be found in 
the middle of summer in temperatures that are in excess of 27° C (personal obs). They 
range in size from 7-9 mm. Phormia regina, like L. sericata, is readily attracted to 
decomposing remains and has been known to delay oviposition. Developmental data sets 
are available from Kamal (1958), Greenberg (1991), Anderson (2000), Byrd and Allen 
(2001) and Nabity et al. (2006). 
 
 
Figure 4. Phormia regina (from Greenberg 1971). 
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CHAPTER 2. STAGE TRANSITIONS IN LUCILIA SERICTA 
Introduction 
Lucilia sericata (Diptera: Calliphoridae) is a ubiquitous fly that belongs to a 
group of necrophagous insects that are dependent on decomposing flesh to complete their 
life cycle (Hall 1948) and has played major roles in sheep strike and other forms of 
myiasis, maggot therapy, and death investigations (specifically, the postmortem interval 
estimation (PMI)). Frequently, L. sericata is the first blow fly to oviposit on a dead body, 
and for this reason, is potentially one of the most important species in determining the 
PMI. Age, specifically the age of maggots when a body is discovered, provides a starting 
point from which to count backward to the time of oviposition, giving an estimate of how 
long the body has been there (Greenberg 1991).  
Blow fly development is curvilinear, with a linear section in the center and curves 
at the low and high temperatures (Higley and Haskell 2010). Most past research on L. 
sericata (e.g. Kamal 1958, Ash and Greenberg 1975, Anderson 2000) has focused on the 
linear portion of the development curve, with temperatures between 16 and 35° C. 
Few of these studies explicitly report on stage transitions, possibly since the 
assumption is that larval molting events are relatively synchronous and occur over a short 
time (Wells and LaMotte 2010). However, in a study of Chrysomya megacephala, Wells 
and Kurahashi (1994) reported that only the molts from egg to first and first to second 
stages were “highly synchronized,” each transition occurring in 6 hours or less. Kamal 
(1958) reported large ranges (from hours to days) around his presented modal 
development times, which suggest large transition times where multiple life stages are 
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found together. Most other studies on blowfly development research either treat 
transitions as a single point or do not discuss transitions at all.   
Because there is very little data on stage transitions of blow flies, the associated 
transition distribution is unknown, which is integral for determining development time 
within stages. Here, by “transition distribution” we refer to the temporal frequency 
(counts or proportions through time) at which a new life stage occurs during the molting 
from one stage to the next.  
Mathematically, the issue of transition distribution is identical to that in which 
any numerical distribution must be determined. Most commonly, frequency distributions 
are associated with sampling. With blow fly development, the transition distribution not 
only represents the temporal pattern at which one stage molts into another, but also is a 
necessary tool for determining stage duration and estimating variation. Broadly, two 
types of transition distributions are likely. First, is the negative binomial (or similar 
mathematical distribution) that is asymmetric with a peak to the left. With this 
distribution, stage duration should be calculated by measuring the time from mode to 
mode between stages.  Second, is the normal, or Gaussian, distribution. If the frequency 
distribution for stage transitions is normally distributed, then determination of stage 
duration requires use of the mean (= the peak of the distribution), and stage duration is 
calculated as the time from peak to peak between stages.  
Ironically, debates regarding use of mean or mode routinely occur in the forensic 
entomology literature (Richards and Villet 2008), even though no experimental 
determination of the actual transition distributions exists for all life stages of any blow fly 
species. Moreover, transition distributions are necessary for measuring variation and 
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attaching confidence intervals around transitions. Finally, transition distributions are 
important for determining developmental curves, degrees of uncertainty, and sampling 
protocols, all of which ultimately influence the accuracy of PMI estimations.  
The need to determine transition distribution exists, theoretically, in determining 
the stage duration for any organism that molts. In practice, however, if the duration of 
stage transitions are short relative to the total duration of a stage, using single times to 
represent a transition is adequate. Similarly, if the time of concern is that of the total 
larval period, or time from egg to adult (as is often the case with agricultural pests), then 
details on transition distributions are not needed. In contrast, because the use of blow fly 
development requires short time durations and high accuracy, transition distributions are 
essential for proper development modeling.  
Thus, our goals in this study were to establish stage transition distributions, with 
confidence intervals, across all life stages (egg to adult) and multiple temperatures for L. 
sericata. 
 
Methods and Materials 
Flies 
 Lucilia sericata were obtained from colonies maintained at the University of 
Nebraska-Lincoln (Lincoln, Nebraska). The colony was established in October 2010, 
from field-collected insects provided by Dr. Jeff Wells from Morgantown, West Virginia. 
At research time, the colonies had achieved 100 generations without addition of new flies 
to reduce genetic variation within the colony. The intent was to “obtain genetic 
homogeneity among test subjects, so we can get an indication of physiological variation 
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in response without confounding from population variation. Thus, results here are 
intended as a baseline against which potential variation among populations can be tested. 
The chief danger in using such inbred lines experimentally is the potential for inadvertent 
selection. With insects, inadvertent selection in colonies most frequently occurs in 
oviposition behavior and in reduced fecundity, however, no indications of change in 
either of these factors were observed in any of our colonies over many generations” (Lein 
2013). Adult flies were maintained in screen cages (46 cm x 46 cm x 46 cm) (Bioquip 
Products, California) in a rearing room at 27.5° C (± 3° C), with a 16:8 (L:D) 
photoperiod. Multiple generations were maintained in a single cage, and ca. 1000 adult 
flies were introduced every 1-2 weeks. Adults had access to granulated sugar and water 
ad libitum, and raw beef liver for protein and as an ovipositional substrate. After egg 
laying, eggs and liver were placed in an 89 ml plastic cup, which was surrounded by pine 
shavings in a 1.7 L plastic box. The pine shavings served as a pupation substrate. The 1.7 
L box was placed in a I30-BLL Percival biological incubator (Percival Scientific, Inc., 
Perry, IA) set at 26° C (± 1.5° C). After eclosion, adults were released into the screened 
cages. 
 
Incubators 
Incubator information has been previously discussed in Lein (2013). Pertinent 
information has been revisited here. Incubators were customized model SMY04-1 
DigiTherm® CirKinetics Incubators (TriTech Research, Inc., Los Angeles, CA). The 
DigiTherm® CirKinetics Incubator have microprocessor controlled temperature 
regulation, internal lighting, recirculating air system (to help maintain humidity), and use 
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a thermoelectric heat pump (rather than coolant and condenser as is typical with larger 
incubators and growth chambers). Customizations included the addition of a data port, 
vertical lighting (so all shelves were illuminated), and an additional internal fan. The 
manufacturer’s specifications indicate an operational range of 10-60° C ±0.1° C. It is 
worth noting that a range of ±0.1° C is an order of magnitude more precise than is 
possible in conventional growth chambers. Although growth chambers have been shown 
to display substantial differences between programmed temperatures and actual internal 
temperatures (Nabity et al. 2007), incubators tested with internal thermocouples in a 
replicated study showed internal temperatures on all shelves within incubators never 
varied more than 0.1° C from the programmed temperature, in agreement with the 
manufacturer’s specifications. Given the high level of measured accuracy with 
programmed temperatures, we were able to use incubators for temperature treatments, 
which improved our experimental efficiency and helped reduce experimental error. 
 
Experimental Design 
The study comprised eleven temperatures (7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 
27.5, 30, and 32.5° C ) with a light:dark cycle of 16:8. Twenty eggs (collected within 30 
minutes of oviposition) were counted onto a moist black filter paper triangle and placed 
in direct contact with 10 g of beef liver in a 29.5 mL plastic cup. The cup was placed in a 
7 cm x 7 cm x 10 cm plastic container that had 2.5 cm of wood shavings in the bottom. 
The container was then placed randomly in an incubator. Each life stage (egg-1
st
 stage, 
1
st
-2
nd
 stage, 2
nd
-3
rd
 stage, 3
rd
-3
rd
 migratory, 3
rd
 migratory-pupation, pupation-adult) was 
calculated using Kamal’s (1958) data which was converted to accumulated degree hours 
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(ADH) and divided equally into five sampling times (Table 1). Each sample was 
replicated four times, for a total of 20 samples per life stage. During each sample time, a 
container was pulled from each of the four incubators and the stage of each maggot was 
documented morphologically using the posterior spiracular slits and cephalopharyngeal 
skeleton.  
During egg hatch, a larva was recorded as 1
st
 stage if they had broken the egg 
chorion and were actively emerging. Pharate larvae (larvae that have undergone apolysis 
but not ecdysis) were recorded as the earlier stage (e.g. 3rd stage spiracular slits can be 
seen beneath the current spiracular slits would be recorded as 2
nd
 stage), since they had 
not yet molted. Pupariation started when the larva had a shortened body length and no 
longer projected its mouth hooks when put in the larval fixative KAAD (kerosene-acetic 
acid-dioxane). There were times when a larva appeared to be entering the puparium stage 
but would extend its body length and begin crawling if disturbed or placed in KAAD. 
These larvae were recorded as 3
rd
 migratory. All life stages were preserved in 70% ethyl 
alcohol. Third and 3
rd
-migratory stages were fixed in KAAD for 48 hours and transferred 
to 70% ethyl alcohol.  
 
Analysis 
As previously discussed, the goal of this experiment was to determine the 
distributions of stage transitions by temperature for each of six transitions. With 11 
temperatures and 6 transitions we needed to model 66 relationships. We used two 
regression procedures. First, to determine the appropriate transition distributions, we used 
TableCurve 2d , version 5.01 (SYSTAT Software Inc. , San Jose, CA 
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http://www.sigmaplot.com/products/tablecurve2d/tablecurve2d.php), and Prism, version 
6.02 (GraphPad Software, Inc., La Jolla, CA, http://www.graphpad.com/scientific-
software/prism/). Here, we fit one of four functions (specifically, a regressed proportion 
(percentage) in stage versus time, at each temperature tested). The equations used were:  
 
1. a Gaussian equation (a standard normal curve): 
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2. a modified Gaussian equation (a form of  Gaussian curve with a plateau at 
100%):  
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3. a cumulative Gaussian equation (a form of the Gaussian curve used for adults, 
to model a sigmoidal increase to a plateau) 
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4. a reversed cumulative Gaussian equation (a form of the cumulative Gaussian 
equation used for eggs, to model a sigmoidal decrease from a plateau) 
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Cumulative forms of the equations were needed to model the transitions from egg 
or to adult. For the larval and pupal stages, the distinction between fitting a Gaussian or 
modified Gaussian equation usually depended on length of time in stage. Because longer 
lasting stages often had a plateau when all individuals were in the same stage between 
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transitions, the modified Gaussian relationship was more appropriate. Fitting these 
relationships provided evidence for the mathematical distribution of individuals during 
stage transitions. 
 A different regression procedure was needed to determine the duration of 
individual stages (50% of L1 to L2, for example). Various approaches could be used, for 
example, determining the time from peak of one stage to peak of the next. However, we 
used the time between 50% transition into a stage to 50% transition out of a  stage. We 
made this choice because we can determine a standard error in the 50% transition point, 
which is not always possible with determining peaks. Determining the 50% transition 
point itself is straightforward through the use of a probit model, with the probit choices of 
being in the first stage or the next. Through probit modelling it is possible to determine 
any desired % transition and the associated variation. Probit models were constructed 
with Prism 6.02. 
 For all regression analyses, the data were examined closely to determine their 
propriety for inclusion in analysis. In a few instances, individuals were sampled with 
extraordinarily extended durations. These were treated as outliers and excluded from 
analysis. Details on all data used are included in Appendix A.  
 
Results 
All calculations can be found in Appendices B-E. Data from 7.5° C were not 
analyzed because there was very little egg development and no larval eclosion. In all 66 
stage transitions examined, transition frequencies were normally distributed (Figure 1 
shows the normal distribution of the transitions periods). Gaussian curves were used on 
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life stages that had little or no plateauing, whereas modified Gaussian curves were a 
better fit for plateaued data (i.e. pupation). There were large spreads in transition times, 
particularly during the later life stages (3
rd
, 3m, and pupation) for all temperatures 
reported (Figure 1), covering a period of hours (egg, 1
st
, 2
nd
 stages) to days (3
rd
, 3m, 
pupation). 
There was large variation at 10.0 and 12.5° C, the majority due to high mortality 
rates (Figure 2). The effect of mortality can also be seen at 30.0 and 32.5° C (Figure 2), 
with few individuals making it to 100% of the early life stages. However, there was still 
enough resolution to determine the means for those temperatures (Table 2).  
 
Discussion 
Not surprisingly, cooler temperatures yielded longer transitions times, as well as 
larger confidence intervals. Since blow flies are poikilothermic, extreme temperatures 
interfere with biological processes including metabolism, movement, and, the regulation 
of growth hormones. This leads to developmental variation at these temperatures, which 
was observed at 10.0 and 12.5° C and 30.0 and 32.5° C. Additionally, there also appears 
to be an inherent variability in development, as shown by the wide transition times. The 
insects used in these experiments had been inbred through 100+ generations, making it 
improbable the transition times were due to underlying genetic variability. Long 
transition times could be associated with suboptimal rearing conditions; however, other 
evidence (e.g., total development time, larval size, and survivorship) is not consistent 
with this explanation. Consequently, the observed variation in stage transition by 
individual maggots, which gives rise to long transition times, seems to be an intrinsic trait 
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in L. sericata. Possibly this underlying variability is a means for individuals to survive in 
an ephemerally-driven environment. Carcasses are rarely in the environment for very 
long and can be found in a wide expanse of temperatures, humidity, and locations. 
Having the ability to complete a life cycle, over a broad range of conditions could reduce 
intraspecific competition, making the survival of the species more likely.  
When we look at what can be most strongly compared (since we are not using the 
exact temperatures), our results compare favorably with the modes reported in Kamal 
(1958) (Table 3), with a temperature difference of 26.7° C (Kamal) versus 27.5° C. We 
can compare more directly as percent of larvae within a stage, which eliminates trying to 
compare mode to mean measurements (Table 4). The majority of comparison variability 
is observed in the later life stages (3
rd
 migratory and pupation), which is where the 
majority of transition variability is found. There is also a strong comparison between our 
data and the limited data from Ash and Greenberg (1975), with 27.0° C (A & G) versus 
27.5° C (us). When we compare our calculated means, 6 of 9 are within 2 SD  and the 
remaining 3 are within 3 SD (Table 5), with the differences shown in Table 6. 
Both Kamal and Ash and Greenberg used continuous lighting during their 
development studies, which could account for some of the variation, since it has been 
shown light regimes can affect development (Nabity 2007). Interestingly, Kamal’s 
population of L. sericata were collected from Pullman, WA, Ash and Greenberg’s 
population were collected from Chicago, IL, and ours were collected from Morgantown, 
WV. There was also a large time difference, 56 and 39 years, respectively. The fact that 
these data sets produce similar results, raises a question about geographic variation and 
its impact on development. If geographic variation caused a considerable difference in 
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development times, the comparison of the transitions among the three data sets should 
have been significantly different, but they were not. 
The current practice of collecting the largest maggots from a mass (Grassberger 
and Reiter 2001) does not meet the requirements needed to generate the transition means.  
By using a small sample of the largest maggots, there is an underrepresentation of the 
actual cohort age, both through sampling error and transition distribution. While maggot 
size has often been used as an age determinate, there is a vast difference in maggots 
reared in a laboratory (where food and/or competition are not limiting factors) versus a 
carcass (where food and competition are limiting factors). Since nutrition has a direct 
impact on larval size, it is difficult (impossible?) to control for size among ‘unknown’ 
age samples, like those commonly found in death/myiasis investigations. Even with 
controlled populations, during the earlier life stages, stage is “more effective than size for 
estimating the [larval] age” (Wells and Kurahashi 1994).   
Ultimately, having more accurate transition data will lead to more accurate 
developmental data. More accurate developmental data can be used for determining a 
developmental model that can be used over a series of temperatures and include the linear 
and curvilinear areas of development, which is something that has yet to be established, 
but that we are actively working towards.  As an extension of this research, development 
data needs to be collected from more forensically important species. Having multiple 
species’ data is crucial for investigating and understanding the variables in blow fly 
development and may give insight into the inherent versus geographic variation, a 
question that needs to be solved definitively.  
  
30 
 
  
References 
Anderson GS. (2000) Minimum and maximum developmental rates of some forensically  
     important Calliphoridae (Diptera). J. Forensic Sci. 45:824-32. 
Ash N, Greenberg B. (1975) Developmental temperature responses of the sibling species  
     Phaenicia sericata and Phaenicia pallescens. Ann. Entomol. Soc. Am. 68:197-200. 
Grassberger M, Reiter C. (2001) Effect of temperature on Lucilia sericata (Diptera:  
     Calliphoridae) development with special reference to the isomegalen- and  
     isomorphen-diagram. Forensic Sci. Int. 120:32-36. 
Greenberg B. (1991) Flies as forensic indicators. J. Med. Entomol. 28:565-77. 
Hall DG. (1948) The blowflies of North America. Thomas Say Foundation. 
Higley LG, Haskell NH. (2010) Insect development and forensic entomology. In: Byrd  
     JH, Castner JL, editors. Forensic entomology: the utility of arthropods in legal  
     investigations. Boca Raton: CRC Press, 389-405. 
Kamal AS. (1958) Comparative study of thirteen species of sarcosaprophagous  
     Calliphoridae and Sarcophagidae (Diptera) I. Bionomics. Ann. Entomol.  
     Soc. Am. 51(3):261–71. 
Lein MM. (2013) Anoxia tolerance of forensically important calliphorids. MS Thesis,  
     University of Nebraska, Lincoln, NE. 
Nabity P, Higley L, Heng-Moss T. (2007) Light-induced variability in development of  
     forensically important blow fly Phormia regina (Diptera: Calliphoridae). J. 
     Med. Entomol. 44(2):351–8. 
Richards CS, Villet MH (2008) Factors affecting accuracy and precision of thermal  
     summation models of insect development used to estimate post-mortem intervals. Int.  
31 
 
  
     J. Legal Med. 122:401-8. 
Wells JD, Kurahashi H. (1994) Chrysomya megacephala (Fabricius) (Diptera:  
     Calliphoridae) development: rate, variation and the implications for forensic  
     entomology. Jpn. J. Sanit. Zool. 45:303-9  
Wells JD, LaMotte LR. (2010) Estimating postmortem interval. In: Byrd JH, Castner JL,   
     editors. Forensic entomology: the utility of arthropods in legal investigations. Boca    
     Raton: CRC Press, 367-88. 
  
32 
 
  
Figures 
 
Figure 1. Gaussian and modified Gaussian curves fit to all life stages (egg to adult) of 
Lucilia sericata for temperatures 10.0 to 32.5° C.  
 
A. Lucilia sericata stage distribution from egg to adult, 10.0° C. 
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B. Lucilia sericata stage distribution from egg to adult, 12.5° C. 
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C. Lucilia sericata stage distribution from egg to adult, 15.0° C.  
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D. Lucilia sericata stage distribution from egg to adult, 17.5° C. 
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E. Lucilia sericata stage distribution from egg to adult, 20.0° C. 
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F. Lucilia sericata stage distribution from egg to adult, 22.5° C. 
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G. Lucilia sericata stage distribution from egg to adult, 25.0° C. 
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H. Lucilia sericata stage distribution from egg to adult, 27. 5° C. 
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I. Lucilia sericata stage distribution from egg to adult, 30.0° C. 
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J. Lucilia sericata stage distribution from egg to adult, 32.5° C.  
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Figure 2. Probit analysis curves used to determine 50% of the transition population for 
Lucilia sericata at 10.0-32.5° C. Confidence intervals are represented by dotted lines. 
A. Lucilia sericata stage transitions at 10.0 and 12.5° C. 
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B. Lucilia sericata stage transitions at 15.0 and 17.5 ° C. 
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C. Lucilia sericata stage transitions at 20.0 and 22.5° C. 
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D. Lucilia sericata stage transitions at 25.0 and 27.5° C. 
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E. Lucilia sericata stage transitions at 30.0 and 32.5° C. 
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Tables 
 
Table 1. Sample times for Lucilia sericata were calculated by converting the minimum 
and maximum data reported in Kamal (1958) into accumulated degree hours (ADH). The 
ADH’s were calculated for each life stage and sampling temperature, converted back into 
hours and divided into 5 equal sample times. 
 
  
 Temperature °C 
Life Stage 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 
Egg-1st 35 35 35 17 12 9 7 6 5 4 4 
1st-2nd 56 56 56 28 19 14 11 9 8 7 6 
2nd-3f 79 79 79 39 26 20 16 13 11 10 9 
3f-3m 143 143 143 71 48 36 29 24 20 18 16 
3m-Pupal 335 335 335 167 112 84 67 56 48 42 37 
Pupal-Adult 527 527 527 263 176 132 105 88 75 66 59 
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Table 2. Mean time (hours) for Lucilia sericata to reach 50% of the population for each 
life stage and temperature. 
  
 Temperature °C 
Life Stage  7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 
Egg-1st N/A 186 41 52 47 28 21 17 18 12 14 
1st-2nd  N/A 407 136 131 79 59 46 36 31 24 24 
2nd-3f  N/A 463 231 179 137 92 78 63 49 42 36 
3f-3m N/A 683 431 314 237 193 141 111 124 85 95 
3m-Pupal N/A 2179 1935 1206 326 217 202 168 158 139 180 
Pupal-Adult N/A 4011 2896 1710 760 554 424 371 344 297 353 
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Table 3. Comparison between Kamal (1958) and Roe and Higley (2014) of Lucilia 
sericata development means and modes. 
  
 
  E-L1 E-L2 E-L3f E-L3m E-P E-A 
R and H mean 17.86 30.46 48.92 124.4 157.6 343.5 
Kamal mode 18 38 50 90 180 348 
Difference -0.14 -7.54 -1.08 34.4 -22.4 -4.5 
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Table 4. Comparison between Kamal (1958) and Roe and Higley (2014) of Lucilia 
sericata as percent in stage. 
 
 
 
 
 
 
 
 
 
  
  Temp Egg L1 L2 L3f L3m P 
R and H 27.5 5.2% 3.7% 5.4% 22.0% 9.7% 54.1% 
Kamal 26.7 5.2% 5.7% 3.4% 11.5% 25.9% 48.3% 
Difference 0.0% -2.1% 1.9% 10.5% -16.2% 5.8% 
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Table 5. Comparison between Ash and Greenberg (1975) and Roe and Higley (2014) of 
Lucilia sericata mean transition times. 
 
 
 
 
 
 
 
 
 
 
  
Transition 
stages 
Mean of transition time in hours 
A & G 
1975 R & H 
A & G 
1975 R & H 
A & G 
1975 R & H 
19.0 C 20.0 C 27.0 C 27.5 C 35.0 C 32.5 C 
E-L1 29.4 28.1 14.4 17.9 10.2 13.8 
L3m-P 691.2 216.8 194.4 157.6 333.6 180.0 
P-A 1312.8 553.7 384.0 343.5 295.2 352.5 
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Table 6. Difference in transition means for Lucilia sericata as proportion of Ash and 
Greenberg (1975) standard deviations.  
 
 
  
Transition 
Stages 
Difference in transition means (A&G (1975) - 
presented data) as proportion of A&G standard 
deviations 
19 and 20 C 27 and 27.5 C 35 and 32.5 C 
E-L1 0.6 2.7 1.9 
L3m-P 3.9 0.5 0.9 
P-A 2.5 0.3 1.0 
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CHAPTER 3. DEVELOPMENT OF LUCILIA SERICATA 
Introduction 
In the past, insect development research has focused on agriculture pests and 
disease vectors, with accuracy levels of days (or weeks) considered acceptable since the 
focus was on economic thresholds and vector prevention (Higley and Haskell 2010). In 
the last 50 years, however, there has been a growing interest in the development of 
necrophagous insects. Unfortunately, unlike agricultural and medically important insects, 
whose biology had been studied down to eye color during pupal stages and mode of 
infection from digestive track to mouthparts, necrophagous flies had no such fervor 
surrounding them and their development data was relegated to a few ecological studies 
(e.g. MacKerras 1933, Fuller 1934, Kamal 1958). Interest in necrophagous insects, 
specifically blow flies (Diptera: Calliphoridae) continued (and continues) to rise with the 
(re)discovered usefulness of their development for postmortem interval estimations (PMI 
or time since death) (Greenberg 1991).  
The blow fly, Lucilia sericata, is a species among that group of necrophagous 
insects. They are ubiquitous, covering a broad range of landscapes, and may be one of the 
most common blow fly species in the world (Hall 1948, Greenberg 1991, Byrd and 
Castner 2010).  As such, this species is at the forefront of biological and development 
studies because of its role in maggot therapy, animal (including human) myiasis, and 
postmortem interval estimations.  
When found on a human body, the developing eggs, larvae, or pupae of L. 
sericata can be used as an index pointing to the postmortem interval (PMI). Estimating 
the PMI is crucial in most human death investigations because time since death is needed 
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to properly reconstruct events before and after death. To use development in estimating 
PMI we must be able to determine the insect age at the time of discovery and backtrack 
to time of oviposition. Consequently, understanding temperature-specific development 
rates is essential, yet development rate concepts from agriculture pest development data 
sets/models are being applied to postmortem interval estimations, and in doing so imply 
levels of precision much greater than the data allow.  
Lucilia sericata development has been investigated by Kamal (1958), Ash and 
Greenberg (1975), Greenberg (1991), Anderson (2000), and Grassberger and Reiter 
(2001) (Table 5). However, many methodological problems exist in these studies, 
including insufficient replication or data points, inconsistent temperature ranges or too 
few temperatures, non-life stage specific results, and an inability to apply error rates or 
confidence intervals. These are key problems, not only in L. sericata data, but in the 
majority of blow fly developmental data. There is little consistency between studies 
making it difficult to pool data or compare studies.  
Richards and Villet (2008) discuss how many of these deficiencies can reduce the 
accuracy of PMI estimations. In particular, sampling errors and models based on too few 
temperatures directly impact statistical validity and error rates. Besides the obvious 
reason of unknown or high error rates making it difficult to reach conclusions, known 
error rates are a requirement for Federal Rules of Evidence (Rule 702: Testimony by 
Expert Witnesses) under the Daubert standard. Judges can use the “the known or 
potential rate of error of the technique or theory when applied” as an assessment of 
reliability of the evidence being presented. 
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Many of the issues associated with current data sets may relate to the sheer 
amount of resources required for proper set up and execution. To conduct multiple 
temperature studies simultaneously requires a minimum of four chambers per 
temperature (to meet replication requirements), which translates to a minimum of 120 
experimental units (30 per chamber, at five sampling times per life stage). Preparatory 
work averages between 15 and 18 hours per temperature. These hours include cutting 
weighed liver, labeling and organizing experimental units, counting eggs, and putting all 
units together before they go in the chambers. After set up, the hours required for actual 
sampling can easily exceed 120 hours (average hour per sampling time). There is also a 
considerable amount of time (not included in the hours above) required for colony 
maintenance. Multiple colonies are required to for high egg production (2,400 eggs are 
needed for each temperature) and to prevent time loss due to colony collapse issues.  
Thus, although the experiments are time and labor intensive, we proposed a series 
of experiments that would cover a large range of temperatures, have large sample sizes, 
and have the consistent sampling times required to create statistically valid development 
models. 
 
 
Methods and Materials 
 
The first three sections of materials and methods presented here are the same as 
in Chapter 2. They have been repeated here for ease of reading. 
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Flies 
 Lucilia sericata were obtained from colonies maintained at the University of 
Nebraska-Lincoln (Lincoln, Nebraska). The colony was established in October 2010, 
from field-collected insects provided by Dr. Jeff Wells from Morgantown, West Virginia. 
At research time, the colonies had achieved 100 generations without addition of new flies 
to reduce genetic variation within the colony. The intent was to “obtain genetic 
homogeneity among test subjects, so we can get an indication of physiological variation 
in response without confounding from population variation. Thus, results here are 
intended as a baseline against which potential variation among populations can be tested. 
The chief danger in using such inbred lines experimentally is the potential for inadvertent 
selection. With insects, inadvertent selection in colonies most frequently occurs in 
oviposition behavior and in reduced fecundity, however, no indications of change in 
either of these factors were observed in any of our colonies over many generations” (Lein 
2013). Adult flies were maintained in screen cages (46 cm x 46 cm x 46 cm) (Bioquip 
Products, California) in a rearing room at 27.5° C (± 3° C), with a 16:8 (L:D) 
photoperiod. Multiple generations were maintained in a single cage, and ca. 1000 adult 
flies were introduced every 1-2 weeks. Adults had access to granulated sugar and water 
ad libitum, and raw beef liver for protein and as an ovipositional substrate. After egg 
laying, eggs and liver were placed in an 89 ml plastic cup, which was surrounded by pine 
shavings in a 1.7 L plastic box. The pine shavings served as a pupation substrate. The 1.7 
L box was placed in a I30-BLL Percival biological incubator (Percival Scientific, Inc., 
Perry, IA) set at 26° C (± 1.5° C). After eclosion, adults were released into the screened 
cages. 
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Incubators 
Incubator information has been previously discussed in Lein (2013). Pertinent 
information has been revisited here. Incubators were customized model SMY04-1 
DigiTherm® CirKinetics Incubators (TriTech Research, Inc., Los Angeles, CA). The 
DigiTherm® CirKinetics Incubator have microprocessor controlled temperature 
regulation, internal lighting, recirculating air system (to help maintain humidity), and use 
a thermoelectric heat pump (rather than coolant and condenser as is typical with larger 
incubators and growth chambers). Customizations included the addition of a data port, 
vertical lighting (so all shelves were illuminated), and an additional internal fan. The 
manufacturer’s specifications indicate an operational range of 10-60° C ±0.1° C. It is 
worth noting that a range of ±0.1° C is an order of magnitude more precise than is 
possible in conventional growth chambers. Although growth chambers have been shown 
to display substantial differences between programmed temperatures and actual internal 
temperatures (Nabity et al. 2007), incubators tested with internal thermocouples in a 
replicated study showed internal temperatures on all shelves within incubators never 
varied more than 0.1° C from the programmed temperature, in agreement with the 
manufacturer’s specifications. Given the high level of measured accuracy with 
programmed temperatures, we were able to use incubators for temperature treatments, 
which improved our experimental efficiency and helped reduce experimental error. 
 
Experimental Design 
The study comprised eleven temperatures (7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 
27.5, 30, and 32.5° C) with a light:dark cycle of 16:8. Twenty eggs (collected within 30 
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minutes of oviposition) were counted onto a moist black filter paper triangle and placed 
in direct contact with 10 g of beef liver in a 29.5 mL plastic cup. The cup was placed in a 
7 cm x 7 cm x 10 cm plastic container that had 2.5 cm of wood shavings in the bottom. 
The container was then placed randomly in an incubator. Each life stage (egg-1
st
 stage, 
1
st
-2
nd
 stage, 2
nd
-3
rd
 stage, 3
rd
-3
rd
 migratory, 3
rd
 migratory-pupation, pupation-adult) was 
calculated using Kamal’s (1958) data which was converted to accumulated degree hours 
(ADH) and divided equally into five sampling times (Table 1). Each sample was 
replicated four times, for a total of 20 samples per life stage. During each sample time, a 
container was pulled from each of the four incubators and the stage of each maggot was 
documented morphologically using the posterior spiracular slits and cephalopharyngeal 
skeleton.  
During egg hatch, a larva was recorded as 1
st
 stage if they had broken the egg 
chorion and were actively emerging. Pharate larvae (larvae that have undergone apolysis 
but not ecdysis) were recorded as the earlier stage (e.g. 3rd stage spiracular slits can be 
seen beneath the current spiracular slits would be recorded as 2
nd
 stage), since they had 
not yet molted. Pupariation started when the larva had a shortened body length and no 
longer projected its mouth hooks when put in the larval fixative KAAD (kerosene-acetic 
acid-dioxane). There were times when a larva appeared to be entering the puparium stage 
but would extend its body length and begin crawling if disturbed or placed in KAAD. 
These larvae were recorded as 3
rd
 migratory. All life stages were preserved in 70% ethyl 
alcohol. Third and 3
rd
-migratory stages were fixed in KAAD for 48 hours and transferred 
to 70% ethyl alcohol.  
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Analysis 
Two regression procedures were used. First, to determine the appropriate 
transition distributions, we used TableCurve 2d , version 5.01 (SYSTAT Software Inc. , 
San Jose, CA http://www.sigmaplot.com/products/tablecurve2d/tablecurve2d.php), and 
Prism, version 6.02 (GraphPad Software, Inc., La Jolla, CA, 
http://www.graphpad.com/scientific-software/prism/). Here, we fit one of four functions 
(specifically, a regressed proportion (percentage) in stage versus time, at each 
temperature tested). The equations used were:  
 
1. a Gaussian equation (a standard normal curve): 
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2. a modified Gaussian equation (a form of  Gaussian curve with a plateau at 
100%):  
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3. a cumulative Gaussian equation (a form of the Gaussian curve used for adults, 
to model a sigmoidal increase to a plateau) 
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4. a reversed cumulative Gaussian equation (a form of the cumulative Gaussian 
equation used for eggs, to model a sigmoidal decrease from a plateau) 
 
  
 
 
  [      (
   
√  
)] 
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Cumulative forms of the equations were needed to model the transitions from egg 
or to adult. For the larval and pupal stages, the distinction between fitting a Gaussian or 
modified Gaussian equation usually depended on length of time in stage. Because longer 
lasting stages often had a plateau when all individuals were in the same stage between 
transitions, the modified Gaussian relationship was more appropriate. Fitting these 
relationships provided evidence for the mathematical distribution of individuals during 
stage transitions. 
 A different regression procedure was needed to determine the duration of 
individual stages (50% of L1 to L2, for example). Various approaches could be used, for 
example, determining the time from peak of one stage to peak of the next. However, we 
used the time between 50% transition into a stage to 50% transition out of a  stage. We 
made this choice because we can determine a standard error in the 50% transition point, 
which is not always possible with determining peaks. Determining the 50% transition 
point itself is straightforward through the use of a probit model, with the probit choices of 
being in the first stage or the next. Through probit modelling it is possible to determine 
any desired % transition and the associated variation. Probit models were constructed 
with Prism 6.02. 
 For all regression analyses, the data were examined closely to determine 
their propriety for inclusion in analysis. In a few instances, individuals were sampled 
with extraordinarily extended durations. These were treated as outliers and excluded from 
analysis. Details on all data used are included in Appendix A.  
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Degree Days 
Degree day requirements were calculated with a combination of conventional, 
regression analyses and iterative analyses to ensure the resulting degree day models 
reflected only the linear portion of the insect development curve. The outline of these 
procedures is:  
1. Determine the stage transitions by fitting cumulative Gaussian curves to the 
proportion of insects entering the new stage vs. time for each temperature (curves 
were calculated for L1, L2, L2f, L3m, P, and A).  Only data for the first portion of 
each curve (0-100%) was included in the regression which reflects the stage 
transition. 
2. Calculate the 50% transition point from the cumulative Gaussian curve for each 
stage and temperature combination. 
3. With data from 2, determine time in stage by subtraction between 50% transition 
points. 
4. Express development times in days (rather than hours, as data was initially 
determined) and calculate 1/days for each time to transition and stage duration. 
5. By linear regression, estimate the relationship between development rate (1/days 
to transition or stage) vs. temperature) to determine the slope and x-intercept. 
Each resulting regression was runs test to identify non-linearity, and where 
nonlinearity was indicated, points were excluded from the regression until any 
non-linearity was eliminated. Primarily, non-linearity was associated with low 
and high temperatures (as expected) and indicated in development graphs. The 
regression of 1/days vs. temperature is conventional in degree day determination, 
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but the use of runs testing to identify non-linear points in the regression has not 
been. To the best of our knowledge this approach was first used in Nabity et al. 
(2006) to ensure that assumptions underlying degree day analysis were met. 
6. From the resulting linear regressions, the x-intercept represents the developmental 
minimum and 1/slope represents the accumulated degree days required for an 
event (stage transition or stage duration) (Arnold 1959). Although this point 
usually represents the end of most degree day determinations, we recognized that 
it is still possible at this point to have included data in the linear regressions that 
are not properly part of the linear portion of the development curve. 
Consequently, we did additional calculations and corrections to determine the 
validity of our degree day models. 
7. Using regression results we calculated degree day accumulations for each 
experimentally determined combination of temperature and time of transition or 
stage duration. We then did a linear regression of these data and evaluated the 
resulting lines for linearity and slope. To meet the core assumption of degree day 
models, a regression of degree day accumulations must be linear and have no 
slope. Where our results did not meet these requirements, we removed points 
(again, at high and low temperatures), and recalculated both the 1/days regression 
and the accumulated degree days regressions (steps 5-7). We repeated this process 
until we arrived at linear relationships meeting all degree day assumptions, and 
noted the range of temperatures for which the resulting equation was valid. 
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In conventional use of degree days (e.g., Arnold 1959), using multiple methods to 
ensure only linear development data are used in determining degree day models is not 
undertaken. Presumably this omission has occurred because it is well recognized that 
degree day models use assumptions of linearity to describe what is known to be a 
curvilinear relationship, so approaches for improving accuracy have focused on 
curvilinear model development (Wagner et al. 1984, Higley and Haskell 2010) rather 
than on improving linear degree day accuracy. Additionally, most conventional uses 
of degree days with insects involve modeling population level phenomena, where 
other sources of error (particularly in temperature data) and resolution (of days) are 
such that more precision in how degree day models are developed may not be 
warranted. In contrast, with forensic use of degree day models, the potential 
inaccuracy associated with including non-linear data in the calculation model 
introduces systematic error that could easily be significant in using degree days for 
estimating post mortem intervals. 
 
Results 
 All calculations can be found in Appendices B-E. Development at 7.5° C did not 
mature past the egg stage, so those data were not included in this analysis. Development 
from egg to adult was completed for all remaining temperatures (10.0 to 32.5° C). 
Gaussian curves were fit to life stages that had little or no plateauing, whereas modified 
Gaussian curves were a better fit for plateaued data (refer to Figures 1 and 2 in Chapter 
2). 
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Large variation was observed during the L3m and pupation stages, regardless of 
temperature, with the variation largest at 10.0° C through 17.5° C (L3m and pupation) 
and 32.5° C (L3m). These stages are also the longest life stages (by proportion) (Table 2).   
Figure 1 tests the linearity assumption of the accumulated degree days (ADD) by 
temperature and life stage. The assumption of linearity is met for all life stages, but  not 
all temperatures. Not surprisingly, L3m has the shortest linear temperature range from 
17.5 to 30.0° C. L1 also has a shortened range from 12.5 to 32.5° C (Table 3). 
 
Discussion 
With minimal egg development and no egg eclosion at 7.5° C, no data was 
reported. There is evidence, however, that the biological developmental minimum for L. 
sericata is between 7.5° C and 10.0° C, since there were individuals that successfully 
emerged as adults at 10.0 ° C. Although the adults at 10.0° C and 12.5° C were normal-
sized, the total number of individuals that survived into adulthood was very small 
compared to the other temperatures. High mortality rates and reduced developmental 
rates have also been reported at 35.0° C (Ash and Greenberg 1975), indicating 
suboptimum temperatures on both ends of the spectrum can impact survivorship and 
growth. Since extreme temperatures lead to extreme biological variation, there is a 
disruption to normal gene expression, which can alter the hormones and proteins needed 
in molting and maintenance. The biological variation at these temperatures may be an 
inherent variation in L. sericata that allows the species to survive in suboptimal 
conditions and also successfully maintain populations throughout the world.  
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 In the early life stages (E to L2), our percent in stage are within 2.1% of those 
reported by Kamal (1958) (Table 4). In the later life stages there is a difference of 10.5% 
(L3f) to 16.2% (L3m) (Table 4). Beyond the more variable life stages, the differences 
could be a result of experimental methods. Kamal (1958) and Ash and Greenberg (1975) 
used constant lighting during their experiments, whereas the remaining data sets do not 
specify light regimes. Nabity et al. (2007) reported a significant delay in developmental 
times when constant light versus cyclic light was used, which could partially explain 
Kamal’s and Ash and Greenberg’s longer stage times. Sample times were also not 
consistent across the reported data (Table 5). Inconsistent sampling times may not cover 
the entire life stage; instead, sampling extensively during the beginning (for example) 
would shift the developmental distribution to the left, skewing the mean. Alternately, 
sampling the largest individuals (a “common” practice in forensic entomology casework) 
changes the age cohort data by using the maxima and treating them as normal data points, 
not outliers (Richards and Villet, 2008). As discussed in Chapter 2 and shown in Table 5, 
the fly populations used in these studies came from different areas in the United States, 
Canada, and Austria. However, the development times are comparable, indicating that 
geographic variation may be less than the inherent variation found in L. sericata.  
Our data indicate that stage transitions are integral to generating realistic, accurate 
development data (See Chapter 2). Transitions are a process that occur over a period of 
hours to days and it is difficult to discuss development without knowing the transition 
periods between stages, since the vast majority of time in stage is spent as a mixed age 
population. The majority of error occurs in two areas: temperature and stage/age 
calculations. Being aware of transition times and having consistently spaced sampling 
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times and temperatures allows us to attach error margins to the data,  reducing the error in 
the age/stage calculations. By reducing error in one of two areas, we accomplish two 
things: we can focus attention on the error associated with temperature (fluctuating versus 
constant, unknown versus close by, etc.) and we can attach known error rates to PMI 
estimates. Currently, the data sets available make attaching error rates difficult or 
impossible, depending on the data presentation. While this data allows us to generate 
error rates, they are only accurate for the linear portion of the life stages (or the 
temperature range that the ADD are valid). Using L3f as an example (Figure 1), as the 
linearity is extended, it becomes much less linear and more curvilinear (hence the short 
temperature range it is useful). Curvilinear models are able to incorporate both the linear 
and non-linear portions of development, making more accurate predictions possible at the 
extreme temperatures where development differs from the linear approximation.  
In the future, having a full and accurate understanding of blow fly development 
will mean incorporating curvilinear data into development models. Currently, there are 
no models that cover the entire range of temperatures and development, but we are 
actively working on it with the data presented here.  
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Figures 
Figure 1. Development rate of Lucilia sericata by stage. Life stages egg through 
pupation are represented at 10.0 to 32.5° C. Confidence intervals are represented by 
dotted lines. 
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Figure 2. Accumulated degree day stage durations of Lucilia sericata. Life stages egg 
through pupation are represented at 10.0 to 32.5° C. Confidence intervals are represented 
by dotted lines. 
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Tables 
 
Table 1. Sample times for Lucilia sericata were calculated by converting the minimum 
and maximum data reported in Kamal (1958) into accumulated degree hours (ADH). The 
ADH’s were calculated for each life stage and sampling temperature, converted back into 
hours and divided into 5 equal sample times. 
 
  
 Temperature °C 
 Life Stage 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 
Egg-1st 35 35 35 17 12 9 7 6 5 4 4 
1st-2nd 56 56 56 28 19 14 11 9 8 7 6 
2nd-3f 79 79 79 39 26 20 16 13 11 10 9 
3f-3m 143 143 143 71 48 36 29 24 20 18 16 
3m-Pupal 335 335 335 167 112 84 67 56 48 42 37 
Pupal-Adult 527 527 527 263 176 132 105 88 75 66 59 
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Table 2. Percent of Lucilia sericata individuals in stage by temperature. 
 
 
 
 
  
 
% Time in Stage 
Temp Egg L1 L2 L3f L3m P 
10.4 4.7% 5.4% 1.4% 5.5% 37.3% 45.7% 
12.7 1.4% 3.3% 3.3% 6.9% 51.9% 33.2% 
15.1 3.0% 4.6% 2.8% 7.9% 52.2% 29.5% 
17.5 6.2% 4.2% 7.5% 13.2% 11.7% 57.1% 
20.1 5.1% 5.6% 6.0% 18.2% 4.3% 60.8% 
22.5 5.0% 5.9% 7.4% 14.9% 14.5% 52.3% 
25.0 4.5% 5.2% 7.1% 13.2% 15.2% 54.7% 
27.5 5.2% 3.7% 5.4% 22.0% 9.7% 54.1% 
30.0 3.9% 4.1% 6.0% 14.7% 18.1% 53.2% 
32.5 3.9% 3.0% 3.4% 16.7% 24.1% 48.9% 
mean 4.3% 4.5% 5.0% 13.3% 23.9% 49.0% 
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Table 3. Linear regression results (from Graph Pad Prism) of Lucilia sericata. 
  
1/Days in Stage 
Egg L1 L2 L3f L3m P 
8.5 10.9 8.6 4.4 4.5 8.2 
12.5 9.9 14.7 55.8 46.8 153.4 
10.0-32.5 10.0-32.5 10.0-32.5 10.0-32.5 10.0-32.5 10.0-32.5 
10.0-32.5 12.5-32.5 10.0-32.5 10.0-32.5 17.5-30.0 10.0-32.5 
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Table 4. Comparison between Kamal (1958) and Roe and Higley (2014) of Lucilia 
sericata as percent in stage. 
 
 
 
 
 
  
  Temp Egg L1 L2 L3f L3m P 
R and H 27.5 5.2% 3.7% 5.4% 22.0% 9.7% 54.1% 
Kamal 26.7 5.2% 5.7% 3.4% 11.5% 25.9% 48.3% 
Difference 0.0% -2.1% 1.9% 10.5% -16.2% 5.8% 
   
 
 
  
7
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Table 5. Methods comparison between six commonly cited development papers for Lucilia sericata. 
 
 
 
 
 
 
Reference Locality Temperatures Analysis Larval diet Stages L:D cycle Replications 
Total 
maggots/sample 
Sample 
times 
          Kamal (1958) Colorado, 
U.S. 
27.6 Mode Beef liver E, L1, 
L2,L3f, 
L3m, P 
Constant Undefined Undefined Undefined 
Ash and  
Greenberg (1975) 
Illinois, U.S. 19, 27, 35 Mean Macerated 
liver 
E, 
Larval, 
P 
Undefined Undefined Undefined Undefined 
Greenberg (1991) Illinois, U.S. 19, 22, 29, 35 Minimum Ground beef E, L1, 
L2, L3f, 
L3m, P 
Undefined Undefined Undefined Undefined 
Anderson (2000) British 
Columbia,  
Canada 
15.8, 20.7,  
23.3 
Minimum 
and 
Maximum 
Beef liver E, L1, 
L2,L3f, 
L3m, P 
Undefined 8, 9, 2 20, returned 
to jar 
Eggs-1 to 2 
hours 
L1, L2- 3 to 4 
times/day 
Later stages-2 
to 3 times/day 
Grassberger and 
Reiter (2001) 
Vienna, 
Austria 
15, 17, 19,  
20, 21, 22,  
25, 28, 30, 34 
Minimum Beef liver E, L1, 
L2, L3f, 
L3m, P 
Presumed 
12:12 
10/temp 4 Every 4 hours 
After peak 
feeding- 
every 6 hours 
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CHAPTER 4. STAGE TRANSITIONS IN PHORMIA REGINA 
Introduction 
In the past, much of the  research concerning Phormia regina (Diptera: 
Calliphoridae) was dedicated to its role in livestock myiasis (Byrd and Allen 2001). 
However, with its near complete coverage of the U.S. (except southern Florida) (Hall 
1948, Byrd and Castner 2010), P. regina has steadily increased its role as a colonizer of 
human and other animal remains. As such, their role in postmortem interval (PMI) 
estimations has also increased.  
However, as discussed with L. sericata (Chapters 2 and 3), there is very little (if 
any) complete development data for forensically-important blow fly species, making 
accurate PMI estimations difficult. Because P. regina is included in that group, the 
existing research on their development (e.g. Kamal 1958, Anderson 2000, Byrd and Allen 
2001, Nabity et al. 2006) follows the same pattern of methodological problems including 
too few replications, inconsistent temperature regimes, sampling protocols, and non-
specific life stage intervals.   
While addressing many of these issues with L. sericata, we discovered that stage 
transitions, as maggots molt from one stage to the next, were normally distributed, were 
much longer than anticipated, did not consist of a single time point (as they had 
previously been treated), and had the most variation during the L3m stage (see Chapter 
2). Stage transitions are an integral part of development, contributing to a greater 
understanding of the population age at any given point in time. However, very few 
developmental data sets explicitly report transitions times. Without comprehensive data 
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sets, including stage transitions, it is difficult to determine stage durations and estimate 
variation, which are imperative for constructing developmental models.     
Ideally, all forensically important blow fly species would have complete 
developmental data sets (Higley and Haskell 2010). Unfortunately, developmental 
experiments are expensive, both in labor and materials, and it would be difficult (if not 
impossible) to capture and maintain colonies of all blow fly species. Designing 
developmental studies, therefore, require choosing species that may or may not share 
certain life history traits but are of similar importance ecologically or legally. For this 
study, P. regina was chosen because of the species’ increased geographic area, their 
increasing role in death investigations, and their placement in a different subfamily 
(Calliphoridae: Chrysomyinae) from L. sericata (Calliphoridae: Luciliinae). By 
examining different subfamilies and comparing the data between P. regina and L. 
sericata, the overall goal of having concise development data for the majority of the 
Calliphorids becomes easier if clear patterns emerge. For example, if stage transition 
times are consistently normally distributed and variation within life stages is similar 
between species, then it is not unreasonable that overall development patterns may be 
similar.  
Thus, our goals in this study were similar to those with L. sericata: to establish 
stage transition durations and distributions, with confidence intervals, across all life 
stages (egg to adult) and multiple temperatures for P. regina.  
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Methods and Materials 
The first three sections of materials and methods presented here are very similar 
to those in Chapters 2 and 3. They have been repeated here for ease of reading. 
 
Flies 
 Lucilia sericata were obtained from colonies maintained at the University of 
Nebraska-Lincoln (Lincoln, Nebraska). The colony was established in October 2010, 
from field-collected insects provided by Dr. Jeff Wells from Morgantown, West Virginia. 
At research time, the colonies had achieved 100 generations without addition of new flies 
to reduce genetic variation within the colony. The intent was to “obtain genetic 
homogeneity among test subjects, so we can get an indication of physiological variation 
in response without confounding from population variation. Thus, results here are 
intended as a baseline against which potential variation among populations can be tested. 
The chief danger in using such inbred lines experimentally is the potential for inadvertent 
selection. With insects, inadvertent selection in colonies most frequently occurs in 
oviposition behavior and in reduced fecundity, however, no indications of change in 
either of these factors were observed in any of our colonies over many generations” (Lein 
2013). Adult flies were maintained in screen cages (46 cm x 46 cm x 46 cm) (Bioquip 
Products, California) in a rearing room at 27.5° C (± 3° C), with a 16:8 (L:D) 
photoperiod. Multiple generations were maintained in a single cage, and ca. 1000 adult 
flies were introduced every 1-2 weeks. Adults had access to granulated sugar and water 
ad libitum, and raw beef liver for protein and as an ovipositional substrate. After egg 
laying, eggs and liver were placed in an 89 ml plastic cup, which was surrounded by pine 
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shavings in a 1.7 L plastic box. The pine shavings served as a pupation substrate. The 1.7 
L box was placed in a I30-BLL Percival biological incubator (Percival Scientific, Inc., 
Perry, IA) set at 26° C (± 1.5° C). After eclosion, adults were released into the screened 
cages. 
 
Incubators 
Incubator information has been previously discussed in Lein (2013). Pertinent 
information has been revisited here. Incubators were customized model SMY04-1 
DigiTherm® CirKinetics Incubators (TriTech Research, Inc., Los Angeles, CA). The 
DigiTherm® CirKinetics Incubator have microprocessor controlled temperature 
regulation, internal lighting, recirculating air system (to help maintain humidity), and use 
a thermoelectric heat pump (rather than coolant and condenser as is typical with larger 
incubators and growth chambers). Customizations included the addition of a data port, 
vertical lighting (so all shelves were illuminated), and an additional internal fan. The 
manufacturer’s specifications indicate an operational range of 10-60° C ±0.1° C. It is 
worth noting that a range of ±0.1° C is an order of magnitude more precise than is 
possible in conventional growth chambers. Although growth chambers have been shown 
to display substantial differences between programmed temperatures and actual internal 
temperatures (Nabity et al. 2007), incubators tested with internal thermocouples in a 
replicated study showed internal temperatures on all shelves within incubators never 
varied more than 0.1° C from the programmed temperature, in agreement with the 
manufacturer’s specifications. Given the high level of measured accuracy with 
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programmed temperatures, we were able to use incubators for temperature treatments, 
which improved our experimental efficiency and helped reduce experimental error. 
 
Experimental Design 
The study comprised eleven temperatures (7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 
27.5, 30, and 32.5° C) with a light:dark cycle of 16:8. Twenty eggs (collected within 30 
minutes of oviposition) were counted onto a moist black filter paper triangle and placed 
in direct contact with 10 g of beef liver in a 29.5 mL plastic cup. The cup was placed in a 
7 cm x 7 cm x 10 cm plastic container that had 2.5 cm of wood shavings in the bottom. 
The container was then placed randomly in an incubator. Each life stage (egg-1
st
 stage, 
1
st
-2
nd
 stage, 2
nd
-3
rd
 stage, 3
rd
-3
rd
 migratory, 3
rd
 migratory-pupation, pupation-adult) was 
calculated using Kamal’s (1958) data which was converted to accumulated degree hours 
(ADH) and divided equally into five sampling times (Table 1). Each sample was 
replicated four times, for a total of 20 samples per life stage. During each sample time, a 
container was pulled from each of the four incubators and the stage of each maggot was 
documented morphologically using the posterior spiracular slits and cephalopharyngeal 
skeleton.  
During egg hatch, a larva was recorded as 1
st
 stage if they had broken the egg 
chorion and were actively emerging. Pharate larvae (larvae that have undergone apolysis 
but not ecdysis) were recorded as the earlier stage (e.g. 3rd stage spiracular slits can be 
seen beneath the current spiracular slits would be recorded as 2
nd
 stage), since they had 
not yet molted. Pupariation started when the larva had a shortened body length and no 
longer projected its mouth hooks when put in the larval fixative KAAD (kerosene-acetic 
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acid-dioxane). There were times when a larva appeared to be entering the puparium stage 
but would extend its body length and begin crawling if disturbed or placed in KAAD. 
These larvae were recorded as 3
rd
 migratory. All life stages were preserved in 70% ethyl 
alcohol. Third and 3
rd
-migratory stages were fixed in KAAD for 48 hours and transferred 
to 70% ethyl alcohol.  
 
Analysis 
As previously discussed, the goal of this experiment was to determine the 
distributions of stage transitions by temperature for each of six transitions. With 11 
temperatures and 6 transitions we needed to model 66 relationships. We used two 
regression procedures. First, to determine the appropriate transition distributions, we used 
TableCurve 2d , version 5.01 (SYSTAT Software Inc. , San Jose, CA 
http://www.sigmaplot.com/products/tablecurve2d/tablecurve2d.php), and Prism, version 
6.02 (GraphPad Software, Inc., La Jolla, CA, http://www.graphpad.com/scientific-
software/prism/). Here, we fit one of four functions (specifically, a regressed proportion 
(percentage) in stage versus time, at each temperature tested). The equations used were:  
 
1. a Gaussian equation (a standard normal curve): 
 
                        [ 
 
 
(
   
 
)
 
] 
 
2. a modified Gaussian equation (a form of  Gaussian curve with a plateau at 
100%):  
        [ 
 
 
(
|   |
 
)
 
] 
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3. a cumulative Gaussian equation (a form of the Gaussian curve used for adults, 
to model a sigmoidal increase to a plateau) 
 
  
 
 
  [      (
   
√  
)] 
 
4. a reversed cumulative Gaussian equation (a form of the cumulative Gaussian 
equation used for eggs, to model a sigmoidal decrease from a plateau) 
 
  
 
 
  [      (
   
√  
)] 
 
Cumulative forms of the equations were needed to model the transitions from egg 
or to adult. For the larval and pupal stages, the distinction between fitting a Gaussian or 
modified Gaussian equation usually depended on length of time in stage. Because longer 
lasting stages often had a plateau when all individuals were in the same stage between 
transitions, the modified Gaussian relationship was more appropriate. Fitting these 
relationships provided evidence for the mathematical distribution of individuals during 
stage transitions. 
 A different regression procedure was needed to determine the duration of 
individual stages (50% of L1 to L2, for example). Various approaches could be used, for 
example, determining the time from peak of one stage to peak of the next. However, we 
used the time between 50% transition into a stage to 50% transition out of a  stage. We 
made this choice because we can determine a standard error in the 50% transition point, 
which is not always possible with determining peaks. Determining the 50% transition 
point itself is straightforward through the use of a probit model, with the probit choices of 
being in the first stage or the next. Through probit modelling it is possible to determine 
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any desired % transition and the associated variation. Probit models were constructed 
with Prism 6.02. 
 For all regression analyses, the data were examined closely to determine their 
propriety for inclusion in analysis. In a few instances, individuals were sampled with 
extraordinarily extended durations. These were treated as outliers and excluded from 
analysis. Details on all data used are included in Appendices F. 
 
Results 
All calculations can be found in Appendices G-J. Data from 7.5° C were not used 
because there was no egg development. Experiments at 10° C were stopped at 400 hours 
(16.7 days) due to complete egg and 1
st
 stage mortality. The remaining stage transitions 
were all normally distributed (Figure 1 shows the normal distribution of the transitions 
periods). The later life stages, particularly L3m and pupation, had the largest variability, 
with large error bars on the majority of the samples. Starting at 12.5° C, the pupation 
stage was broad, covering hundreds of hours, even at 32.5° C, where the entire life cycle 
was complete in 250 hours.  
The method of calculating sampling times was not as accurate in this species (as 
compared to L. sericata) for the L3m stage. Of all the L3m samples taken, few were at 
the required time within the stage, with 6 of the 10 temperatures never sampling at 100%. 
The most pronounced data reduction can be observed at 15.0° C. Figure 2 illustrates this 
issue more clearly by the almost vertical slope and <100% in stage observed at the L3m 
locations.  However, there was enough data to determine the means for all temperatures 
(Table 2).  
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Discussion 
Phormia regina is known for its preference for cooler temperatures (Byrd and 
Castner 2010). However, this species did not mature past 1
st
 stage at 10.0° C, and 
appeared to have just as much difficulty maturing to adults at 12.5° C and 15.0° C as L. 
sericata. Unlike Byrd and Allen (2001), there was egg hatch at 10.0° C, but since there 
was no development past the L1 stage, P. regina’s biological minimum temperature is 
between 10.0° C and 12.5° C.  
It has been well established that blow flies (like all insects) are poikilothermic, 
and that  extreme temperatures begin to interfere with biological processes. While there 
are some blow fly species, specifically Calliphora vicina, that are capable of completing 
their life cycle at temperatures below 10.0° C (Davies and Ratcliffe 1994), P. regina does 
not appear to be one of them. Surprisingly, the transition rates at 30.0° C and 32.5° C 
were not adversely affected. This could be partially explained by mortality rates. There 
was not an increase in mortality as the temperatures increased, unlike with L. sericata, 
where mortality did increase at the higher temperatures (less mortality equals more data 
to analyze).  
There is similar variation between the two species during the later life stages 
transitions. Both P. regina and L. sericata have large variation during the L3m and 
pupation stages. Unlike L. sericata, however, P. regina’s pupal stage does not begin to 
plateau until 22.5° C and 6 out 10 curves (Figures 2) calculated for L3m did not reach 
100%. This could be an artifact of the sampling protocol, where the method of calculating 
sampling times was not as accurate in this species. So, although the sampling times were 
divided into five equal times, those times did not align with the transitions during the 
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later life stages. Regardless, as with L. sericata, the observed variation in stage transition 
by individual maggots seems to be intrinsic in P. regina. Because all necrophagous 
species rely on ephemeral resources, it could be expected that those with more intrinsic 
variation are most likely to survive over a broad range of environmental factors and the 
trait is shared between blow fly subfamilies.  
Another possible survival tactic observed with P. regina was intense larval 
wandering during all larval stages, commonly moving from the food substrate to the outer 
lip of the cup, where they would congregate. This behavior seemed to be light-driven in 
the early life stages (L1-L2), with maggots being under the lip of the cup during the day 
and feeding at night. This wandering behavior prompted a change in the cup pupation 
substrate from pine shavings to moist sand because larvae were wandering out of the cup, 
falling into the pine shavings, desiccating, and dying. This wandering behavior is 
different from that seen in Byrd and Allen (2001) since food was not a limiting factor in 
these experiments. 
Because of the vast differences in methodologies and temperatures studied, it is 
difficult to do direct comparisons between data sets. That being said, our results do 
compare favorably with those of Kamal (1958) when we compare percent of larvae 
within a stage (Table 4) at the respective temperatures (26.7° C (Kamal) and 27.5° C). 
Converting transition times to percentages eliminates trying to compare mode to mean 
measurements. The majority of variability is observed in the L3m stage in both data sets, 
which coincides with where we found the majority of transition variation. Our data also 
favorably compares to that of Byrd and Allen (2001) at the higher temperatures (25.0 and 
30.0° C), with our transition times for all life stages fitting within their given ranges. Our 
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transition times are considerable more than their given ranges at the cooler temperatures 
(15.0 and 20.0° C). 
Differences between this data and Byrd and Allen’s (2001) could be a result of 
methodology. Byrd and Allen used 400 eggs per subsample (with a total of three 
samples). It has been proposed that maggots in large masses feed more efficiently due to 
external digestive enzymes (Rivers and Dahlem 2014). In this case, faster feeding and 
subsequent digestion could push development forward could explain the faster 
development times reported by Byrd and Allen (2001). 
As with L. sericata, the question of whether geographical variation significantly 
impacts development rates is raised. Kamal’s population of P. regina were from Pullman, 
WA, Byrd and Allen’s population were from Florida, and ours were collected from 
Lincoln, NE.  Although there are differences between the data sets, it is unlikely that the 
variation was caused by the geographic differences in the fly populations due to them 
being similar despite methodological differences between the experiments and the high 
intrinsic variation seen within our highly inbred population.  
While this study was very similar to the one conducted with L. sericata, the end 
result is the same: accurate transition data will lead to more accurate developmental data, 
which leads to more accurate development models. Models can accommodate the linear 
and curvilinear areas of development and can be used over a series of temperatures. As 
discussed with L. sericata, collecting development data for as many forensic species as 
possible is imperative. Comparisons between multiple, comprehensive data sets will  
allow similarities, differences, and patterns to be recognized, increasing our knowledge of 
basic development biology and the variables that affect it.   
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Figures 
 
Figure 1 (A-I). Gaussian and modified Gaussian curves fit to all life stages (egg to adult) 
of Phormia regina for temperatures 10.0 to 32.5° C. 
A. Phormia regina stage distribution from egg to adult, 12.5° C. 
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B. Phormia regina stage distribution from egg to adult, 15.0° C. 
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C. Phormia regina stage distribution from egg to adult, 17.5° C. 
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D. Phormia regina stage distribution from egg to adult, 20.0° C. 
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E. Phormia regina stage distribution from egg to adult, 22.5° C. 
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F. Phormia regina stage distribution from egg to adult, 25.0° C. 
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G. Phormia regina stage distribution from egg to adult, 27.5° C. 
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H. Phormia regina stage distribution from egg to adult, 30.0° C. 
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I. Phormia regina stage distribution from egg to adult, 32.5° C. 
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Figure 2 (A-E). Probit analysis curves used to determine 50% of the transition 
population for Phormia regina at 10.0-32.5° C. Confidence intervals are represented by 
dotted lines. 
A. Phormia regina stage transitions at 10.0 and 12.5° C.
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B. Phormia regina stage transitions at 15.0 and 17.5° C. 
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C. Phormia regina stage transitions at 20.0 and 22.5° C. 
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D. Phormia regina stage transitions at 25.0 and 27.5° C. 
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E. Phormia regina stage transitions at 30.0 and 32.5° C. 
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Tables 
Table 1. Sample times for Phormia regina were calculated by converting the minimum 
and maximum data reported in Kamal (1958) into accumulated degree hours (ADH). The 
ADH’s were calculated for each life stage and sampling temperature, converted back into 
hours and divided into 5 equal sample times. 
  
 Temperature (°C) 
Life Stage  7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 
Egg-1st 16 16 16 8 5 4 3 3 2 2 2 
1st-2nd 44 44 44 22 15 11 9 7 6 6 5 
2nd-3f 63 63 63 31 21 16 13 10 9 8 7 
3f-3m 111 111 111 55 37 28 22 18 16 14 12 
3m-Pupal 281 281 281 141 94 70 56 47 40 35 31 
Pupal-Adult 441 441 441 221 147 110 88 74 63 55 49 
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Table 2. Mean time for Phormia regina to reach 50% of the population for each life 
stage and temperature (hours). 
 
 
  
 Temperature (°C) 
Life Stage  7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 
Egg-1st N/A 173 70 61 40 24 16 15 14 10 10 
1st-2nd  N/A N/A 354 154 127 75 50 43 34 27 25 
2nd-3f  N/A N/A 564 231 218 123 92 71 57 47 42 
3f-3m N/A N/A 612 521 277 202 134 123 95 76 78 
3m-Pupal N/A N/A 843 469 319 245 178 155 122 107 106 
Pupal-Adult N/A N/A 1450 966 622 447 356 283 239 218 206 
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Table 3. Comparison between Kamal (1958) and Roe and Higley (2014) of Phormia 
regina development means and modes. 
    E-L1 E-L2 E-L3f E-L3m E-P E-A 
R and H mean 13.8 33.9 56.6 95.3 122.1 239.2 
Kamal mode 16 34 45 81 165 309 
Difference -2.2 -0.1 11.6 14.3 -42.9 -69.8 
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Table 4. Comparison between Kamal (1958) and Roe and Higley (2014) of Phormia 
regina as percent in stage.  
  Temp Egg L1 L2 L3f L3m P 
R and H 27.5 6.1% 8.9% 10.1% 17.2% 11.9% 52.0% 
Kamal 26.7 5.2% 5.8% 3.6% 11.7% 27.2% 46.6% 
Difference 0.9% -3.1% 6.5% 5.5% -15.3% 5.4% 
 
  
109 
 
 
  
 
Chapter 5. DEVELOPMENT OF PHORMIA REGINA 
Table of Contents 
CHAPTER 5. DEVELOPMENT OF PHORMIA REGINA ................................ 110 
Introduction ......................................................................................................... 110 
Methods and Materials .................................................................................... 113 
Flies ............................................................................................................. 113 
Incubators .................................................................................................... 114 
Experimental Design ................................................................................... 115 
Analysis ....................................................................................................... 116 
Results ............................................................................................................. 121 
Discussion ....................................................................................................... 122 
References ....................................................................................................... 125 
Figures ............................................................................................................. 127 
Tables .............................................................................................................. 129 
 
  
110 
 
 
  
CHAPTER 5. DEVELOPMENT OF PHORMIA REGINA 
Introduction 
As discussed in previous chapters, the majority of insect development research 
has focused on agriculture pests and disease vectors (Higley and Haskell 2010). 
However, there has been growing interest in necrophagous insect development and its 
role in death investigations (Greenberg 1991). The relationship between insects and death 
has been known for hundreds (if not thousands) of years (Greenberg 1991). However, 
very little of the past research focused on the development of necrophagous insects, but 
rather ecological and potential livestock impacts (MacKerras 1933, Fuller 1934, Kamal 
1958). With the recent (last 30 years) increase in using insect development as a means of 
estimating the postmortem interval, however, that notable lack of comprehensive 
development data sets is being realized.  
Along with Lucilia sericata, the blow fly Phormia regina is among that group of 
necrophagous insects that require decomposing tissue to complete their life cycle. They 
are Holarctic in distribution, and are very common throughout the U.S., except southern 
Florida. (Hall 1948, Greenberg 1991, Byrd and Castner 2010). While P. regina is 
considered a ‘cold weather fly,’ and moves north as temperatures increase, they can be 
found in large numbers throughout the central U.S. during the hottest months of the year 
and are typically in much higher numbers than other blow fly species (personal obs). 
Phormia regina’s ability to quickly colonize an area and maintain large populations 
means it has quickly become one the most common blow fly species recovered at human 
and other animal death scenes, making them incredibly important in PMI estimations.  
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Because of their ability to quickly locate and colonize a carcass, the developing 
eggs, larvae, or pupae of P. regina can be used as a means to estimate the PMI. 
Postmortem interval estimations are required when a body has been dead for an unknown 
amount of time and is useful for properly reconstructing events before and after death.  
To use development in estimating PMI we must be able to determine the insect age at the 
time of discovery and backtrack to time of oviposition. An understanding of temperature-
specific development rates is essential, yet the data sets currently used are not as precise 
or as accurate as PMI estimations require. 
Phormia regina development has been investigated by Kamal (1958), Greenberg 
(1991), Anderson (2000), Byrd and Allen (2001), and Nabity et al. 2006 (Table 5). 
Unfortunately, as with L. sericata, the same methodological problems exist: insufficient 
replication or data points, inconsistent temperature ranges or too few temperatures, non-
life stage specific results, and an inability to apply error rates or confidence intervals. 
These differences make it difficult to compare and/or pool data for analysis.  
The issues related to differing methodologies and analyses were discussed at 
length in Richards and Villet (2008) and Michaud et al. (2012), with the overall 
conclusion that  accuracy of PMI estimations can be directly related to sampling errors 
and too few temperatures studied. Although it is important to be able to compare data sets 
and have them come from similarly-conducted experiments, a more applicable reason for 
consistent data is because known standards and error rates are required under the Daubert 
standards and the Federal Rules of Evidence (Rule 702: Testimony by Expert Witnesses) 
when testifying in a court of law. Judges can use the “the known or potential rate of error 
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of the technique or theory when applied” as an assessment of reliability of the evidence 
being presented. 
Although the setup and execution of these experiments does not differ much 
between species, the sheer amount of resources required may be the single most common 
reason that developmental experiments are not conducted as they should be and, as such, 
is repeated here from Chapter 3. To conduct multiple temperature studies simultaneously 
requires a minimum of four chambers per temperature (to meet replication requirements), 
which translates to a minimum of 120 experimental units (30 per chamber, at five 
sampling times per life stage). Preparatory work averages between 15 and 18 hours per 
temperature. These hours include cutting weighed liver, labeling and organizing 
experimental units, counting eggs, and putting all units together before they go in the 
chambers. After set up, the hours required for actual sampling can easily exceed 120 
hours (average hour per sampling time). There is also a considerable amount of time (not 
included in the hours above) required for colony maintenance. Multiple colonies are 
required for high egg production (2,400 eggs are needed for each temperature) and to 
prevent time loss due to colony collapse issues.  
Thus, although the experiments are time and labor intensive, we proposed a series 
of experiments that would cover a large range of temperatures, have large sample sizes, 
and consistent sampling times that are required to create statistically valid development 
models that can be compared with L. sericata to determine the similarities and 
differences between blow fly subfamilies. 
 
 
 
 
113 
 
 
  
Methods and Materials 
The first three sections of materials and methods presented here are the same as 
in Chapter 4. They have been repeated here for ease of reading. 
 
Flies 
 Lucilia sericata were obtained from colonies maintained at the University of 
Nebraska-Lincoln (Lincoln, Nebraska). The colony was established in October 2010, 
from field-collected insects provided by Dr. Jeff Wells from Morgantown, West Virginia. 
At research time, the colonies had achieved 100 generations without addition of new flies 
to reduce genetic variation within the colony. The intent was to “obtain genetic 
homogeneity among test subjects, so we can get an indication of physiological variation 
in response without confounding from population variation. Thus, results here are 
intended as a baseline against which potential variation among populations can be tested. 
The chief danger in using such inbred lines experimentally is the potential for inadvertent 
selection. With insects, inadvertent selection in colonies most frequently occurs in 
oviposition behavior and in reduced fecundity, however, no indications of change in 
either of these factors were observed in any of our colonies over many generations” (Lein 
2013). Adult flies were maintained in screen cages (46 cm x 46 cm x 46 cm) (Bioquip 
Products, California) in a rearing room at 27.5° C (± 3° C), with a 16:8 (L:D) 
photoperiod. Multiple generations were maintained in a single cage, and ca. 1000 adult 
flies were introduced every 1-2 weeks. Adults had access to granulated sugar and water 
ad libitum, and raw beef liver for protein and as an ovipositional substrate. After egg 
laying, eggs and liver were placed in an 89 ml plastic cup, which was surrounded by pine 
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shavings in a 1.7 L plastic box. The pine shavings served as a pupation substrate. The 1.7 
L box was placed in a I30-BLL Percival biological incubator (Percival Scientific, Inc., 
Perry, IA) set at 26° C (± 1.5° C). After eclosion, adults were released into the screened 
cages. 
 
Incubators 
Incubator information has been previously discussed in Lein (2013). Pertinent 
information has been revisited here. Incubators were customized model SMY04-1 
DigiTherm® CirKinetics Incubators (TriTech Research, Inc., Los Angeles, CA). The 
DigiTherm® CirKinetics Incubator have microprocessor controlled temperature 
regulation, internal lighting, recirculating air system (to help maintain humidity), and use 
a thermoelectric heat pump (rather than coolant and condenser as is typical with larger 
incubators and growth chambers). Customizations included the addition of a data port, 
vertical lighting (so all shelves were illuminated), and an additional internal fan. The 
manufacturer’s specifications indicate an operational range of 10-60° C ±0.1° C. It is 
worth noting that a range of ±0.1° C is an order of magnitude more precise than is 
possible in conventional growth chambers. Although growth chambers have been shown 
to display substantial differences between programmed temperatures and actual internal 
temperatures (Nabity et al. 2007), incubators tested with internal thermocouples in a 
replicated study showed internal temperatures on all shelves within incubators never 
varied more than 0.1° C from the programmed temperature, in agreement with the 
manufacturer’s specifications. Given the high level of measured accuracy with 
115 
 
 
  
programmed temperatures, we were able to use incubators for temperature treatments, 
which improved our experimental efficiency and helped reduce experimental error. 
 
Experimental Design 
The study comprised eleven temperatures (7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 
27.5, 30, and 32.5° C) with a light:dark cycle of 16:8. Twenty eggs (collected within 30 
minutes of oviposition) were counted onto a moist black filter paper triangle and placed 
in direct contact with 10 g of beef liver in a 29.5 mL plastic cup. The cup was placed in a 
7 cm x 7 cm x 10 cm plastic container that had 2.5 cm of wood shavings in the bottom. 
The container was then placed randomly in an incubator. Each life stage (egg-1
st
 stage, 
1
st
-2
nd
 stage, 2
nd
-3
rd
 stage, 3
rd
-3
rd
 migratory, 3
rd
 migratory-pupation, pupation-adult) was 
calculated using Kamal’s (1958) data which was converted to accumulated degree hours 
(ADH) and divided equally into five sampling times (Table 1). Each sample was 
replicated four times, for a total of 20 samples per life stage. During each sample time, a 
container was pulled from each of the four incubators and the stage of each maggot was 
documented morphologically using the posterior spiracular slits and cephalopharyngeal 
skeleton.  
During egg hatch, a larva was recorded as 1
st
 stage if they had broken the egg 
chorion and were actively emerging. Pharate larvae (larvae that have undergone apolysis 
but not ecdysis) were recorded as the earlier stage (e.g. 3rd stage spiracular slits can be 
seen beneath the current spiracular slits would be recorded as 2
nd
 stage), since they had 
not yet molted. Pupariation started when the larva had a shortened body length and no 
longer projected its mouth hooks when put in the larval fixative KAAD (kerosene-acetic 
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acid-dioxane). There were times when a larva appeared to be entering the puparium stage 
but would extend its body length and begin crawling if disturbed or placed in KAAD. 
These larvae were recorded as 3
rd
 migratory. All life stages were preserved in 70% ethyl 
alcohol. Third and 3
rd
-migratory stages were fixed in KAAD for 48 hours and transferred 
to 70% ethyl alcohol.  
 
Analysis 
Two regression procedures were used. First, to determine the appropriate 
transition distributions, we used TableCurve 2d , version 5.01 (SYSTAT Software Inc. , 
San Jose, CA http://www.sigmaplot.com/products/tablecurve2d/tablecurve2d.php), and 
Prism, version 6.02 (GraphPad Software, Inc., La Jolla, CA, 
http://www.graphpad.com/scientific-software/prism/). Here, we fit one of four functions 
(specifically, a regressed proportion (percentage) in stage versus time, at each 
temperature tested). The equations used were:  
 
1. a Gaussian equation (a standard normal curve): 
 
                        [ 
 
 
(
   
 
)
 
] 
 
2. a modified Gaussian equation (a form of  Gaussian curve with a plateau at 
100%):  
        [ 
 
 
(
|   |
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] 
 
3. a cumulative Gaussian equation (a form of the Gaussian curve used for adults, 
to model a sigmoidal increase to a plateau) 
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4. a reversed cumulative Gaussian equation (a form of the cumulative Gaussian 
equation used for eggs, to model a sigmoidal decrease from a plateau) 
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Cumulative forms of the equations were needed to model the transitions from egg 
or to adult. For the larval and pupal stages, the distinction between fitting a Gaussian or 
modified Gaussian equation usually depended on length of time in stage. Because longer 
lasting stages often had a plateau when all individuals were in the same stage between 
transitions, the modified Gaussian relationship was more appropriate. Fitting these 
relationships provided evidence for the mathematical distribution of individuals during 
stage transitions. 
 A different regression procedure was needed to determine the duration of 
individual stages (50% of L1 to L2, for example). Various approaches could be used, for 
example, determining the time from peak of one stage to peak of the next. However, we 
used the time between 50% transition into a stage to 50% transition out of a  stage. We 
made this choice because we can determine a standard error in the 50% transition point, 
which is not always possible with determining peaks. Determining the 50% transition 
point itself is straightforward through the use of a probit model, with the probit choices of 
being in the first stage or the next. Through probit modelling it is possible to determine 
any desired % transition and the associated variation. Probit models were constructed 
with Prism 6.02. 
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For all regression analyses, the data were examined closely to determine their 
propriety for inclusion in analysis. In a few instances, individuals were sampled with 
extraordinarily extended durations. These were treated as outliers and excluded from 
analysis. Details on all data used are included in Appendix F.  
 
Degree Days 
Degree day requirements were calculated with a combination of conventional, 
regression analyses and iterative analyses to ensure the resulting degree day models 
reflected only the linear portion of the insect development curve. The outline of these 
procedures is:  
8. Determine the stage transitions by fitting cumulative Gaussian curves to the 
proportion of insects entering the new stage vs. time for each temperature (curves 
were calculated for L1, L2, L2f, L3m, P, and A).  Only data for the first portion of 
each curve (0-100%) was included in the regression which reflects the stage 
transition. 
9. Calculate the 50% transition point from the cumulative Gaussian curve for each 
stage and temperature combination. 
10. With data from 2, determine time in stage by subtraction between 50% transition 
points. 
11. Express development times in days (rather than hours, as data was initially 
determined) and calculate 1/days for each time to transition and stage duration. 
12. By linear regression, estimate the relationship between development rate (1/days 
to transition or stage) vs. temperature) to determine the slope and x-intercept. 
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Each resulting regression was runs test to identify non-linearity, and where 
nonlinearity was indicated, points were excluded from the regression until any 
non-linearity was eliminated. Primarily, non-linearity was associated with low 
and high temperatures (as expected) and indicated in development graphs. The 
regression of 1/days vs. temperature is conventional in degree day determination, 
but the use of runs testing to identify non-linear points in the regression has not 
been. To the best of our knowledge this approach was first used in Nabity et al. 
(2006) to ensure that assumptions underlying degree day analysis were met. 
13. From the resulting linear regressions, the x-intercept represents the developmental 
minimum and 1/slope represents the accumulated degree days required for an 
event (stage transition or stage duration) (Arnold 1959). Although this point 
usually represents the end of most degree day determinations, we recognized that 
it is still possible at this point to have included data in the linear regressions that 
are not properly part of the linear portion of the development curve. 
Consequently, we did additional calculations and corrections to determine the 
validity of our degree day models. 
14. Using regression results we calculated degree day accumulations for each 
experimentally determined combination of temperature and time of transition or 
stage duration. We then did a linear regression of these data and evaluated the 
resulting lines for linearity and slope. To meet the core assumption of degree day 
models, a regression of degree day accumulations must be linear and have no 
slope. Where our results did not meet these requirements, we removed points 
(again, at high and low temperatures), and recalculated both the 1/days regression 
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and the accumulated degree days regressions (steps 5-7). We repeated this process 
until we arrived at linear relationships meeting all degree day assumptions, and 
noted the range of temperatures for which the resulting equation was valid. 
 
In conventional use of degree days (e.g., Arnold 1959), using multiple methods to 
ensure only linear development data are used in determining degree day models is not 
undertaken. Presumably this omission has occurred because it is well recognized that 
degree day models use assumptions of linearity to describe what is known to be a 
curvilinear relationship, so approaches for improving accuracy have focused on 
curvilinear model development (Wagner et al. 1984, Higley and Haskell 2010) rather 
than on improving linear degree day accuracy. Additionally, most conventional uses 
of degree days with insects involve modeling population level phenomena, where 
other sources of error (particularly in temperature data) and resolution (of days) are 
such that more precision in how degree day models are developed may not be 
warranted. In contrast, with forensic use of degree day models, the potential 
inaccuracy associated with including non-linear data in the calculation model 
introduces systematic error that could easily be significant in using degree days for 
estimating post mortem intervals. 
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Results 
 All calculations can be found in Appendices G-J. There was no development past 
the egg stage at 7.5° C and no development past L1 at 10.0° C, so those data were not 
included in this analysis. Development from egg to adult was completed for all remaining 
temperatures (12.5° C to 32.5° C). Gaussian curves were fit to life stages that had little or 
no plateauing, whereas modified Gaussian curves were a better fit for plateaued data 
(refer to Figure 1 in Chapter 4). All life stages were normally distributed.  
Large variation was observed during the L3m and pupation stages, regardless of 
temperature, with the variation largest at 12.5° C through 20.0° C. These stages are also 
the longest life stages (by proportion) (Table 2). In 6 of the 10 temperatures, L3m did not 
reach 100%, due to missed transition times through sampling miscalculation. The most 
pronounced data reduction can be observed at 15.0° C (Figure 1, Chapter 4).  
The relationship between development rates and temperature by stage can be seen 
in Figure 1. The egg stage is highly dependent on temperature, as shown by the steep 
slope. Based on the slope, the pupal stage is the least dependent temperature. Figure 2 
tests the linearity assumption of the accumulated degree days (ADD) by temperature and 
life stage. Points at the extreme temperatures will not meet the assumption if curvilinear. 
Therefore, those temperatures cannot be used in ADD calculations. The assumption of 
linearity is met for all life stages, but  not all temperatures. L3m and the pupal stage have 
the shortest temperature range from 17.5 to 32.5° C. The remaining life stages range from 
12.5° C to 32.5° C (Table 3). 
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Discussion 
There was no egg eclosion at 7.5° C and no maturation past L1 at 10.0° C. 
However, there is evidence that the biological minimum for P. regina is between 10.0° C 
and 12.5° C, which agrees with development data reported by Byrd and Allen (2001) and 
Nabity et al. (2006). None of the other published data sets looked at temperatures close to 
the biological minimum. Surprisingly, although there was no egg hatch at 7.5° C, L. 
sericata did successfully emerge as adults at 10.0° C Phormia regina did not have any 
increased mortality associated with the upper temperature of 32.5° C, versus L. sericata, 
where approximately 50% of the samples did not make it to adulthood. Although the two 
species have differing development at the extreme (or approaching extreme) 
temperatures, generally, their development follows very similar patterns: all life stages 
are normally distributed, with large transition periods between stages and variation is 
highest during the L3m and pupal stages. For both species (and probably most blow 
flies), the variation seen during the later life stages could be associated with maggot 
physiology, not necessarily temperature. The two stages immediately preceding 
adulthood are primarily spent storing fat bodies and finding suitable places to 
metamorphose, activities that are not directly dependent on external temperatures.  
Phormia regina, at research time, had been inbred over 75 generations, reducing 
the chances that the variation in the earlier life stages was due to heterogeneity in the 
population, but, more likely, indicating an inherent variation as seen in L. sericata. 
Ephemeral resource dependence for life cycle completion is a game of unpredictability, 
making the skill of survival over a large range of environments an important method of 
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survival. Because blow flies are dependent on carrion for a portion of their life cycle, it 
would not be surprising to see similar inherent variation in most blow fly species.   
Figure 2 shows the valid temperatures for each life stage of P. regina when using 
ADD. The two later life stages (L3m and pupation) had the shortest temperature range, 
from 17.5° C to 32.5° C, although curvilinear data points can be observed on both 
extremes of the remaining life stages, highlighting the importance of curvilinear models. 
Curvilinear models are able to incorporate both the linear and non-linear portions of 
development, making more accurate predictions possible at the extreme temperatures 
where development differs from the linear approximation.       
The similarities between the two species and the general agreement of the linear 
development data to other incomplete data sets suggests overall patterns in blow fly 
development, which, if true, has implications for sampling protocols and future 
development models that include the curvilinear portions that currently do not work with 
ADD calculations. Sampling the largest individuals is considered a ‘common practice’ 
when collecting samples at a death scene, with the assumption that the largest individuals 
are the oldest. Richards and Villet (2008) report that this sampling scheme increases error 
by treating the maximum as normal data points, instead of outliers, which, as discussed in 
Chapter 2, is an underrepresentation of the actual cohort age. It also ignores the 
importance of the stage transitions. Stage transitions are integral to generating realistic 
development data and both L. sericata and P. regina spend much more time as mix-aged 
populations than not. Which means sampling only the largest larvae or only those that 
look like they have been on the carcass the longest is not a true representation of the age 
structure present nor does lend much statistical credibility to any results generated from 
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the ‘largest is oldest’ sampling scheme. Although there are no discipline-wide sampling 
protocols, the establishment of them would greatly reduce some of the error-related 
issues. 
In the future, having an accurate understanding of blow fly development will 
consist of models that show the nature of stage transitions and incorporate curvilinearity 
at the extreme developmental temperatures. Although these models do not currently exist, 
comprehensive data sets like the ones presented here make it more likely they will soon 
be a reality.   
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Figures 
Figure 1. Development rate of Phormia regina by stage. Life stages egg through 
pupation are represented at 10.0 to 32.5° C. Confidence intervals are represented by 
dotted lines.  
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Figure 2. Accumulated degree day stage durations of Phormia regina. Life stages egg 
through pupation are represented at 10.0 to 32.5° C. Confidence intervals are represented 
by dotted lines. 
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Tables 
 
Table 1. Sample times for Phormia regina were calculated by converting the minimum 
and maximum data reported in Kamal (1958) into accumulated degree hours (ADH). The 
ADH’s were calculated for each life stage and sampling temperature, converted back into 
hours and divided into 5 equal sample times. 
 
  
 Temperature (°C) 
Life Stage  7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 
Egg-1st 16 16 16 8 5 4 3 3 2 2 2 
1st-2nd 44 44 44 22 15 11 9 7 6 6 5 
2nd-3f 63 63 63 31 21 16 13 10 9 8 7 
3f-3m 111 111 111 55 37 28 22 18 16 14 12 
3m-Pupal 281 281 281 141 94 70 56 47 40 35 31 
Pupal-Adult 441 441 441 221 147 110 88 74 63 55 49 
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Table 2. Percent of Phormia regina individuals in stage by temperature. 
 
 
 
 
 
 
 
 
 
 
  
 
% Time in Stage 
Temp Egg L1 L2 L3f L3m P 
10.4 N/A N/A N/A N/A N/A N/A 
12.7 1.1 3.6 3.3 7.0 53.8 32.2 
15.1 3.1 5.2 2.5 8.1 26.6 57.6 
17.5 6.9 14.9 15.6 10.3 7.1 52.2 
20.1 5.7 11.9 11.4 18.8 10.0 47.9 
22.5 4.6 10.1 12.3 12.4 13.0 52.2 
25.0 5.6 10.5 10.4 19.4 11.8 48.0 
27.5 6.1 8.9 10.1 17.2 11.9 52.0 
30.0 5.0 8.2 9.3 13.9 15.0 53.5 
32.5 5.1 7.7 8.6 18.5 14.2 51.0 
mean 4.8% 9.0% 9.3% 14.0% 18.1% 49.6% 
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Table 3. Linear regression results (from Graph Pad Prism) for Phormia regina. 
 
1/Days in Stage 
Egg L1 L2 L3f L3m P 
8.8 11.9 9.4 7.9 9.3 10.8 
10.0 13.6 17.4 31.8 23.5 85.6 
12.5-32.5 12.5-32.5 12.5-32.5 12.5-32.5 12.5-32.5 12.5-32.5 
 
 
 
  
1
3
2
 
Table 5. Methods comparison between the six commonly cited development papers for Phormia regina. 
 
 
Reference Locality Temperatures Analysis Larval diet Stages L:D cycle 
Replication
s 
Total 
maggots/ 
sample Sample times 
          Kamal (1958) Washington, 
U.S. 
27.6 Mode Beef liver E, L1, 
L2,L3f, 
L3m, P 
Constant Undefined Undefined Undefined 
Greenberg (1991) Illinois, U.S. 19, 22, 29, 35 Minimum Ground beef E, L1, 
L2, L3f, 
L3m, P 
Undefined Undefined Undefined Undefined 
Anderson (2000) British 
Columbia,  
Canada 
16.1, 23.0 Minimum 
and 
Maximum 
Beef liver E, L1, 
L2,L3f, 
L3m, P 
Undefined 3 20, 
returned 
to jar 
Eggs-1 to 2 
hours 
L1, L2- 3 to 4 
times/day 
Later stages-2 
to 3 times/day 
Byrd and Allen 
(2001) 
Florida 10, 15, 20, 25,  
30, 35, 40 
Mean, 
mode 
Lean pork E, L1, 
L2, L3f, 
L3m, P 
Egg-
constant 
Larvae-
12:12 
Pupae- 
constant 
Egg-3 
Larvae-6, 
with 3 
subsamples in 
each 
6 from 
each 
subsample 
(=108/ 
sample) 
Egg-30 min 
Larvae-12 
hours 
Onset of adult 
emergence-
every 30 min 
Nabity et al. 
(2006) 
Nebraska, 
U.S. 
12, 14, 20, 26, 
32 (2001) 
12, 15, 20, 25, 
30 (2004) 
Mean Ground beef, 
beef liver 
E to P, 
E to A 
16:8 
(2001) 
24:0 
(2004) 
26, 32-4 
8, 10, 14, 20-
2 
12-1 (2001) 
All temps-4 
(2004) 
 
Undefined 12 hours 
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CONCLUSIONS 
 
The development data for Lucilia sericata and Phormia regina represent the most 
comprehensive datasets obtained for forensic insects. With these data it has been possible 
to develop a new method for calculating conventional degree days that ensures internal 
validity within known confidence levels. Because L. sericata is thought to be the fastest 
developing blow fly species in North America (Haskell, pers. comm.), the development 
data and model of L. sericata is especially valuable in putting a lower limit on potential 
development times of any North American species. This point is especially pertinent in 
cases where blow fly species identification is not possible.  
Characterizing stage transition periods provides a new tool for assessing the age 
of sampled insects in various situations. The collection of samples with only one stage or 
mixed stages can be used with the known transition data to reduce the uncertainty of 
insect ages within a stage. Practically, this technique can improve estimates by hours to 
days depending upon the insect stages and ambient temperatures. Additionally, the 
importance of stage transitions in assessing development is not currently indicated in the 
scientific literature, and in many instances data sets used in estimating the postmortem 
interval (PMI) offer no indication of transition times. Without an explicit consideration of 
stage transition times, it is possible to systematically over or under estimate a PMI. 
Obtaining detailed data on stage transitions was the most time consuming and expensive 
aspect of this research, so identifying more efficient methods would greatly accelerate 
research on this aspect of development.  
Finding the frequency of stage transitions follows a normal distribution (for all 
stages and species examined) has immediate and long term implications. Many forensic 
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entomologists have argued that samples should be made of the “largest” larvae and that 
developmental models should be based on modes rather than means. Based on the 
evidence here, such methods will bias estimates of PMI. In developing statistically valid 
sampling procedures, the normal distribution of stage transitions and time in stage will 
make sampling procedures relatively easy, provided sites of initial oviposition are 
sampled.  
Although all experiments were conducted with fly populations with little or no 
genetic variability, ample evidence of individual variation was seen in aspects of 
development with both species examined. Although the development of eggs from single 
females and confirmed lack of genetic variation through DNA testing were not conducted 
with this research, preliminary studies support the idea that blow fly development and 
larval behavior includes significant intrinsic variation. This variation manifested in stage-
specific development times, larval movement, and, migration at the L3m stage. If 
confirmed, this variation is itself an important phenomenon of interest from genetic, 
physiological, ecological, and evolutionary perspectives. Moreover, accounting for this 
variation will likely place an absolute limit on the potential accuracy of PMI estimates 
from insect development.  
Development data for L. sericata and P. regina both demonstrate that 
development in the migratory third stage does not increase with temperature. Instead, 
both species show a threshold temperature of activity (ca. 15.0-17.5° C) below which 
development is seriously delayed. Consequently, the application of any temperature 
driven development model for this larval stage will result in errors in the resulting 
development time and PMI estimates. To the best of our knowledge this is the first 
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demonstration of temperature insensitive development, and application of this 
information will improve PMI estimates in virtually all situations involving the L3m 
stage.  
Most direct comparisons of these results with literature data are not possible 
(because investigators used different sampling procedures, reported values (like modes) 
that are not directly comparable, or have too few data points to allow a meaningful 
comparison.) Fortunately, data from Kamal (1958) do allow a comparison. Since Kamal 
did not report on the individual replications, there is not a statistical comparison, 
however, values are remarkably similar, and this agreement occurs in both L. sericata and 
P. regina. The greatest variation is with the L3m stage, which is not surprising in that 
L3m has the most variability of any stage. Overall, the general agreement of these data 
with Kamal’s has potentially important implications. Kamal’s data were taken over 60 
years ago and from a population (in Washington) that was over 1300 or 2000 miles from 
the blow fly populations used to establish the colonies used in this research. These 
observations strongly imply that blow fly development is not as geographically variable 
as some work has suggested. Consequently, the question of population differences in 
development merits a critical reexamination, with particular focus on experimental 
methods.  
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APPENDIX A 
Development data for Lucilia sericata (from Excel). 
 
 
142 
 
 
  
  
143 
 
 
  
 
  
144 
 
 
  
 
  
145 
 
 
  
 
  
146 
 
 
  
 
  
147 
 
 
  
 
  
148 
 
 
  
  
149 
 
 
  
APPENDIX B 
 
Datasets and statistical analysis summary of Lucilia sericata nonlinear regressions for 
percent in stage by temperature. Regression equations are : 
 
Gaussian equation (a standard normal curve): 
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)
 
] 
 
Modified Gaussian equation (a form of  Gaussian curve with a plateau at 100%):  
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(
|   |
 
)
 
] 
 
Cumulative Gaussian equation (a form of the Gaussian curve used for adults, to model a 
sigmoidal increase to a plateau): 
 
  
 
 
  [      (
   
√  
)] 
 
Reversed cumulative Gaussian equation (a form of the cumulative Gaussian equation 
used for eggs, to model a sigmoidal decrease from a plateau): 
 
  
 
 
  [      (
   
√  
)] 
 
where x = development time (hours) and y = percent in stage. Where “interrupted” is 
indicated on a regression, data were insufficient to fit a curve (typically this means we 
obtained too few points in measuring portions of the transition curve). Where 
“ambiguous” is indicated on a regression, the program could not reach a final solution by 
iterative (numerical) methods. The analysis is from GraphPad Prism 6.0 which uses the 
Marquardt and Levenberg approach for non-linear regression. 
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Appendix B1. L. sericata 10.0° C. 
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Appendix B6. L. sericata 22.5 C. 
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Appendix B10. L. sericata 32.5° C. 
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APPENDIX C 
Datasets and statistical analysis summary of Lucilia sericata nonlinear regressions for 
50% stage transition by temperature. Regression equation: 
 
y = 100/(1+10^((LogEC50-x)*HillSlope)) 
 
where x = time (log time) and y = percent in stage. Where “interrupted” is indicated on a 
regression, data were insufficient to fit a curve (typically this means we obtained too few 
points in measuring portions of the transition curve). Where “ambiguous” is indicated on 
a regression, the program could not reach a final solution by iterative (numerical) 
methods.. The analysis is from GraphPad Prism 6.0 which uses the Marquardt and 
Levenberg approach for non-linear regression. 
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Appendix C1. L. sericata 10° C. 
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Appendix C4. L. sericata 17.5° C. 
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Appendix C8. L. sericata 27.5° C. 
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Appendix C9. L. sericata 30.0° C. 
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Appendix C10. L. sericata 32.5° C. 
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APPENDIX D 
Datasets and statistical analysis of 1/day versus temperature for determining degree day 
coefficients. Iterative testing for non-linearity (a violation of degree-day assumptions) 
resulted in some data points being excluded, as indicated. The analysis is from GraphPad 
Prism 6.0. 
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APPENDIX E 
Datasets and statistical analysis of degree days versus temperature. For degree days to be 
valid the linear regression should have zero slope. The analysis is from GraphPad Prism 
6.0. 
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Appendix F 
Development data for Phormia regina (from Excel). 
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APPENDIX G 
Datasets and statistical analysis summary of Phormia regina nonlinear regressions for 
percent in stage by temperature. Regression equations are : 
Gaussian equation (a standard normal curve): 
                        [ 
 
 
(
   
 
)
 
] 
Modified Gaussian equation (a form of  Gaussian curve with a plateau at 100%):  
        [ 
 
 
(
|   |
 
)
 
] 
Cumulative Gaussian equation (a form of the Gaussian curve used for adults, to model a 
sigmoidal increase to a plateau) 
  
 
 
  [      (
   
√  
)] 
Reversed cumulative Gaussian equation (a form of the cumulative Gaussian equation 
used for eggs, to model a sigmoidal decrease from a plateau) 
  
 
 
  [      (
   
√  
)] 
 
where x = development time (hours) and y = percent in stage. Where “interrupted” is 
indicated on a regression, data were insufficient to fit a curve (typically this means we 
obtained too few points in measuring portions of the transition curve). Where 
“ambiguous” is indicated on a regression, the program could not reach a final solution by 
iterative (numerical) methods. The analysis is from GraphPad Prism 6.0 which uses the 
Marquardt and Levenberg approach for non-linear regression. 
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Appendix G3. P. regina 15.0° C. 
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Appendix G10. P. regina 32.5° C. 
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APPENDIX H 
Datasets and statistical analysis summary of Phormia regina nonlinear regressions for 
50% stage transition by temperature. Regression equation: 
 
y = 100/(1+10^((LogEC50-x)*HillSlope)) 
 
where x = time (log time) and y = percent in stage. Where “interrupted” is indicated on a 
regression, data were insufficient to fit a curve (typically this means we obtained too few 
points in measuring portions of the transition curve). Where “ambiguous” is indicated on 
a regression, the program could not reach a final solution by iterative (numerical) 
methods.. The analysis is from GraphPad Prism 6.0 which uses the Marquardt and 
Levenberg approach for non-linear regression. 
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Appendix H1. P. regina 10° C. 
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APPENDIX I 
Datasets and statistical analysis of 1/day versus temperature for determining degree day 
coefficients. Iterative testing for non-linearity (a violation of degree-day assumptions) 
resulted in some data points being excluded, as indicated. The analysis is from GraphPad 
Prism 6.0. 
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APPENDIX J 
Datasets and statistical analysis of degree days versus temperature. For degree days to be 
valid the linear regression should have zero slope. The analysis is from GraphPad Prism 
6.0. 
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